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FOREWORD 


This  final  report  was  prepared  by  the  Research  Institute  of 
the  University  of  Dayton  (UD),  Dayton,  Ohio  45469  under  Contract 
No.  F3 361 5-76-C-2078 ,  Project  No.  3048,  Task  05,  Work  Unit  76  with 
Dr.  W.M.  Roquemore  (AFAPL/SFF)  as  Government  Project  Monitor. 

The  report  describes  the  results  of  experimental,  com¬ 
putational,  and  theoretical  investigations  of  combustion 
diagnostics  using  the  laser  Raman  scattering  (LARS)  technique 
during  the  period  of  1  July  1976  through  31  October  1978.  Dr. 
Perry  P.  Yaney  of  the  Department  of  Physics  (PHY)  was  the 
Principal  Investigator  during  the  entire  course  of  this  research 
and  he  is  the  author  of  this  technical  report.  The  management  of 
the  program  was  carried  out  by  Dr.  Lloyd  Huff  of  the  Research 
Institute  (RI)  during  the  first  15  months  with  Dr.  Eugene  H. 

Gerber  (RI)  completing  the  program.  The  author  submitted  this 
report  on  12  February  1979. 

I  wish  to  acknowledge  the  many  contributions  of  the 
following  colleagues:  Mr.  Ira  Fiscus  (RI)  and  his  associates  who 
designed  and  directed  the  construction  of  the  scissors- jack- 
supported  optics  table  for  the  modified  LARS  system,  Mr.  Dave 
Royer  (RI)  and  his  associates,  particularly  Mr.  Mike  Aulds,  who 
designed,  constructed,  and  repaired  many  circuits  associated  with 
the  computer  and  computer- interface  units,  Mr.  A1  Gillio  (RI), 
who  unraveled  the  assembler  program  used  in  the  LARS  minicomputer 
and  modified  it  to  perform  satisfactorily  to  our  requirements, 
and  Mr.  Herb  Mildrum  of  the  Department  of  Electrical  Engineering, 
who  coordinated  the  many  activities  during  the  first  half  of  the 
program.  Special  thanks  is  given  to  Dr.  Louis  Boehman  of  the 
Department  of  Mechanical  Engineering,  Dr.  Duane  Leet  (RI),  and 
Mr.  Hal  Swift  (RI)  for  their  invaluable  assistance,  particularly 
during  the  early  months  of  „  s  program.  I  especially  wish  to 
acknowledge  the  efforts  and  dedication  of  my  students,  Mr.  Phil 
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R.  Hemmer  (PI1Y),  who  assembled  and  developed  the  Raman  computer 
fitting  routine,  Mr.  Terry  H.  Hemmer  (PHY),  who  assisted  in  the 
experimental  tests  and  the  computer  analyses,  and  Mr.  Peter 
Magill  (PHY),  who  performed  an  invaluable  yeoman's  effort  in 
bringing  the  minicomputer  software  into  a  functional  state.  To 
my  close  colleague.  Dr.  Roger  Becker  (PHY),  I  express  sincere 
appreciation  for  his  dependable  help. 

I  wish  to  acknowledge  the  cooperation  and  dedication  of  Dr. 
Mel  Roquemore  and  the  C-stand  and  combustion-tunnel  staffs  of 
AFAPL.  Special  thanks  goes  also  to  Dr.  Paul  Schreiber  of  the 
High  Power  Branch  of  AFAPL  for  the  use  of  their  capillary  burner 
and  various  other  items  loaned  to  us  during  the  course  of  this 
work . 
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SECTION  I 
INTRODUCTION 


Dramatic  changes  have  occurred  in  the  last  ten  years  in  the 
supply  and  demand  of  the  world's  petroleum.  These  changes  as 
well  as  those  anticipated  in  the  future  have  a  significant  impact 
on  the  combustion-engine  technology  for  at  least  three  reasons. 
First  of  all,  fuel  derived  from  high-grade  petroleum  resources 
will  become  more  and  more  scarce  while  fuels  which  are  obtained 
from  low-grade,  non-petroleum  resources  will  become  more  common 
place.  Secondly,  the  increasing  cost  of  petroleum  derived  fuel 
and  the  high  cost  of  fuel  refined  from  low-grade  resources  will 
make  a  high  combustion  efficiency  paramount  in  the  design  of  new 
engines.  Thirdly,  our  concern  for  the  impact  of  the  combustion 
products  on  the  environment  will  place  additional  constraints  on 
combustion  designs. 

One  of  the  main  obstacles  to  maintaining  low  pollution 
levels  and  high  combustion  efficiencies  while  burning  non- 
traditional  fuels  is  the  lack  of  precise  knowledge  about  the  com¬ 
bustion  process  in  practical  combustors.  The  effects  of  this 
circumstance  are  to  increase  the  time  needed  to  design  new  com¬ 
bustors  or  to  re-design  old  ones.  Thus,  there  is  a  need  to 
improve  the  combustion  technology  base  that  will  be  used  in 
designing  future  combustion  systems.  This  scenario  impacts  prob¬ 
ably  every  aspect  of  military  and  civilian  transportation. 

One  of  the  main  impediments  to  understanding  the  combustion 
processes  in  a  practical  combustor  has  been  the  inability  to  make 
precise  and  reliable  measurements  in  all  combustion  environments. 
These  measurements  are  essential  to  the  combustor  modelling  activ¬ 
ities  which  strive  to  provide  improved  design  prediction  methods. 
Although  hard  probe  techniques  are  available  such  as  those  using 
thermo-couples  and  gas  sampling  techniques,  these  devices  are  not 
very  satisfactory  in  many  complex  combustion  environments.  These 
hard  probes  often  perturb  and  interact  with  the  environment  in  an 
irreversible  way.  Furthermore,  in  order  to  obtain  the  final 
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result  many  corrections  must  be  applied  which  may  not  be  well- 

known  for  unfamiliar  environments.  Therefore,  the  need  for 

improved  combustion  diagnostic  capabilities  is  clear.  The  Air 

Force  recognized  this  need  when  in  1974  it  contracted  to  modify 

an  existing  Laser  Raman  Scattering  (LARS)  system  ^ 1 ^  for  use 

( 2  ) 

in  combustion  diagnostics.  Although  the  results  of  that 
program  were  positive,  they  were  not  conclusive.  Therefore,  in 
1976  the  Air  Force  contracted  with  the  University  of  Dayton  to 
continue  the  work  in  this  area.  The  two  main  tasks  of  this  new 
program  were  to  make  definitive  measurements  with  an  improved 
version  of  the  LARS  system  for  comparison  with  standard  hard 
probe  measurements,  and  to  perform  extensive  modifications  of  the 
LARS  system  to  permit  it  to  be  used  with  the  experimental  com¬ 
bustion  tunnel  facility  being  planned  by  the  Air  Force  Aero 
Propulsion  Laboratory  (AFAPL).  The  work  accomplished  in  per¬ 
forming  these  two  tasks  is  the  subject  of  this  final  report. 

Two  reports  have  been  generated  as  a  result  of  the  work  done 

on  this  program.  '  The  first  report  presents  the  results 

of  the  measurements  made  on  the  J85-5  turbojet  engine  using  an 

(  3  ) 

upgraded  version  of  the  original  LARS  system.  The  second 
report  describes  the  modified  LARS  system  and  the  results  ob¬ 
tained  with  it  from  measurements  made  with  it  on  the  combustion 
( 4  ) 

tunnel.  In  addition,  an  Operations  and  Maintenance  Manual 

has  been  prepared  which  describes  ail  aspects  of  the  modified 
LARS  system. ^ ^  Thus,  this  report  is  a  review  of  the  work 
presented  in  these  reports.  Complete  detail  on  the  work  accom¬ 
plished  in  the  course  of  this  program  can  be  obtained  by  con¬ 
sulting  the  individual  reports. 
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SECTION  II 

THE  ORIGINAL  LARS  SYSTEM 


The  AVCO-Everett  Research  Laboratory  developed  the  original 

LARS  system  on  Air  Force  Contract  No.  F33615-71-C-1875  for  the 

purpose  of  making  field  measurements  of  emission  in  jet  engine 

exhausts.  Modifications  were  then  made  on  the  system  by 

Computer  Genetics  Corporation  on  Air  Force  Contract  No.  F33615- 

74-C-2023  in  order  to  improve  the  combustion  diagnostic  capabili- 

(  2  )  ■  ■ 

ties  of  the  system.  Many  of  these  modifications  were 

concerned  with  the  computer  code  that  was  used  to  provide  for 
remote  operation  of  the  system. 

The  objective  of  the  University  of  Dayton  program  concerning 
the  original  LARS  System  was  to  upgrade  and  characterize  the 
system  adequately  to  permit  it  to  be  used  for  measurements  in 
real  combustion  environments.  Virtually  every  aspect  of  the  LARS 
system  was  modified  in  some  way  to  achieve  this  goal.  The 
following  is  a  partial  listing  of  these  modifications: 

•  The  laser  beam  optics  were  changed  to  give  a  significantly 
smaller  sample  volume. 

•  The  receiving  optics  were  realigned  and  peaked  up. 

•  The  shape  and  size  of  the  sample  volume  was  experimentally 
measured . 

•  The  tracking  and  precision  of  the  spectrometer  was  greatly 
improved,  especially  when  used  in  a  high  vibration  environ¬ 
ment  . 

•  Reproducible  and  reliable  alignment  procedures  were 
establ ished . 

•  The  laser  emission  spectrum  was  measured  and  means  were 
provided  to  include  the  spectrum  in  the  calculations. 

•  Procedures  for  determining  the  spectral  instrument  func¬ 
tion  of  the  system  were  set  up  and  used. 
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•  The  procedures  for  adjusting  the  electronic  detection 
instruments  and  adjusting  the  photo-multiplier  tube 
voltage  were  established. 


•  Linear  performance  of  the  signal  detection  system  was  con 


•  Modifications  of  the  computer  code  and  the  spectrometer 
electronic  control  unit  were  carried  out  in  order  that  a 
available  wavelength  step  size  could  be  requested  by  the 
operator . 


•  Closed-loop  control  of  the  spectrometer  wavelength  was 
accomplished  by  adding  an  optical  encoder  to  the  spectro 
meter. 


•  Extensive  changes  were  made  in  the  computer  code  to  facilitate 
the  data  handling  and  remote  control  activities  of  the  com¬ 
puter. 


•  A  computer- independent ,  chart-recorder  readout  capability 
was  provided  which  greatly  facilitated  system  alignment  and 
performance  checks. 


In  addition  to  the  changes  in  the  hardware  and  software 
identified  above,  completely  new  data  handling  and  analysis  proce 
dures  were  set  up  and  used  which  permitted  precise  Raman  tem¬ 
peratures  to  be  obtained.  A  description  of  the  upgraded  original 
LARS  system  and  the  analysis  procedures  used  to  obtain  Raman  tem¬ 
peratures  was  presented  in  the  report  presented  by  Roquemore  and 
Yaney.^^  The  portion  of  that  report  due  to  Yaney  which  is 
concerned  with  the  performance  of  the  upgraded  system  and  the 
analysis  of  the  Raman  data  along  with  the  results  of  the  Raman 
measurements  is  presented  in  Appendix  A.  The  work  described  in 
this  report  was  concerned  with  the  measurements  made  on  the  com¬ 
bustion  plume  of  an  afterburning  J85-5  turbojet  engine.  In  addi¬ 
tion  to  these  measurements,  a  measurement  effort  was  made  at  the 
ramjet  facility  of  AFAPL.  This  measurement  effort  which  preceded 
the  J85  work  was  brief  and  plagued  by  numerous  difficulties.  For 
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this  reason  no  detailed  record  is  presented  here.  The  tem¬ 
peratures  obtained  were  essentially  low  by  about  200  to  400  °K 
due  to  the  mismatch  between  the  sample  volume  being  probed  by  the 
LARS  system  and  the  size  of  the  ramjet  combustion  zone.  Although 
these  measurements  were  quantitatively  unacceptable  the  net 
result  of  that  experience  was  positive.  Namely,  that  measure¬ 
ments  in  that  extremely  high  acoustic-noise  environment  can  be 
accomplished  with  a  Raman  system. 

One  of  the  primary  objectives  of  the  J85  studies  was  to  show 
that  not  only  could  viable  temperature  measurements  be  made  in  a 
practical  combustor  but  that  these  measurements  also  would  be 
consistent  with  those  obtained  from  standard  hard  probe  measure¬ 
ments.  Doth  thermocouple  and  gas-sampling  probe  measurements  were 
made  during  the  J85  studies.  The  measured  region  was  chosen  to 
be  compatible  with  the  physical  character isitcs  of  these  probes. 
Two  types  of  measurement  programs  were  carried  out.  One  involved 
simultaneous  Raman  and  gas-sampling  probe  measurements,  and  the 
other  involved  sequential  Raman,  gas-sampling,  and  thermocouple 
probe  measurements.  The  success  of  these  measurement  efforts  is 
summarized  in  Figures  1  and  2.  Figure  1  shows  the  simultaneous 
measurements  for  fourteen  separate  runs.  The  agreement  is 
excellent  and  the  data  falls  well  within  the  4.5%  deviation 
lines.  The  two  points  which  do  show  some  deviation  were  entirely 
due  to  an  insufficient  number  of  measurements  of  the  background 
signal  level  during  the  Raman  scan  and  are  discussed  in  some 
detail  in  Section  5.2.2  in  Appendix  A.  In  Figure  2,  the  four 
different  measurement  efforts  are  summarized.  Clearly,  the 
agreement  is  well  within  uncertainties  and  fully  vindicates  the 
decision  to  use  Raman  spectroscopy  as  a  non-intrusive  optical 
probe  for  temperature  measurements.  We  note  that  during  this 
measurement  program,  one  thermocouple  element  broke  and  a  second 
was  bent  following  a  run  sequence.  The  latter  event  is  the 
suspected  cause  of  the  downward  trend  of  the  curve  in  Figure  2. 
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Figure  1.  Comparison  of  Static  Temperatures  Obtained  from 
Simultaneous  Raruan  and  Gas  Sampling  Measurements 
Carried  Out  During  the  July  1977  tests.  The  solid 
line  is  the  linear  curve  fit  to  the  points.  The 
dashed  lines  identify  the  4.5  percent  deviation  from 
the  unity  slope  line  and  encompass  86  percent  of  the 
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FUEL  TO  AIR  RATIO 


Regression  Analyses  of  the  Raman,  Gas  Sampling,  and 
Thermocouple  Data.  All  valid  data  were  used,  viz . ,  2 
points  of  Raman  data,  117  points  of  gas  sampling  data 
reported  here  (APL),  25  points  of  General  Electric 
(GE)  gas  sampling  data,  and  55  points  of  thermocouple 
data.  The  error  bar  given  with  each  curve  is  the 
standard  deviation  of  the  data  from  the  fitted  curve. 


SECTION  III 

THE  MODIFIED  LARS  SYSTEM 

A  description  of  tne  modified  LARS  system  including  a  report 

( 4  ) 

on  its  performance  is  presented  in  the  Interim  Report' 
which  is  included  herein  as  Appendix  B.  Temperature  measurements 
were  performed  using  the  system  on  a  pre-mixed  flame  from  a 
capillary  burner  and  on  a  turbulent  diffusion  flame  in  the  AFAPL 
combustion  tunnel.  The  results  of  these  measurements  are  also 
given  and  discussed  in  Appendix  B.  The  performance  of  the  system 
in  all  of  these  measurements  was  fully  satisfactory  in  all 
aspects,  including  the  optical,  the  electronic,  and  the  mechani¬ 
cal  facets,  as  well  as  in  the  performance  of  the  computer  soft¬ 
ware,  and  fully  validated  the  design  philosophy.  This  philosophy 
was  subject  to  the  constraints  of  the  program.  These  constraints 
included  the  requirement  that  the  modified  LARS  system  use  essen¬ 
tially  all  the  major  components  of  the  original  LARS  system.  The 
objective  was  to  optimize  the  use,  as  well  as  the  performance,  of 
these  existing  components  in  the  "modified"  configuration.  There 
was  no  option  to  evalute  the  all-important  choice  of  laser  or 
other  similar  considerations  in  the  design  of  the  system. 

The  combustion  tunnel  was  operated  over  a  wide  range  of  air 
and  fuel  flows.  The  flame  was  characterized  by  a  highly  tur¬ 
bulent,  unsteady  appearance,  often  orange-yellow  in  color,  and 
which  produced  a  high  laser-induced  fluorescence  background  in 
the  Raman  measurements.  Out  of  about  70  sets  of  Raman  data,  48 
sets  were  analyzed  and  presented  in  Appendix  B.  Temperature 
measurements  were  accomplished  by  two  measurement  techniques. 

One  technique,  called  the  computer-fit  method, was  the  same 
method  used  in  analyzing  the  J85  data  and  is  described  in 
Appendix  A.  The  second  technique,  called  the  N-wavelength 
method,  was  developed  and  used  extensively  in  the  combustion  tun¬ 
nel  runs.  This  method  is  described  in  detail  in  Appendix  B. 
Briefly,  this  method  uses  the  fact  that  the  ratio  of  the  first 
hot  band  intensity  to  the  intensity  of  the  main  peak  is  a  linear 
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function  of  the  temperature.  These  intensities  are  measured  on 
the  Q-branch  of  the  Stokes  spectrum  of  the  nitrogen  Raman  band 
and  they  depend  on  an  exact  knowledge  of  the  spectral  pass  band 
of  the  spectrometer-laser  combination  being  used.  Cven  though 
the  measurements  were  plagued  by  high-fluorescence  background 
levels,  even  to  the  point  of  obscuring  the  Raman  signal  in  some 
cases,  successful  measurements  of  temperature  were  accomplished. 
These  measurements  were  of  the  time-averaged  variety  requiring 
anywhere  from  about  3  to  as  much  as  15  minutes  to  accomplish. 

The  precision  of  these  measurements  generally  became  poor  as  the 
background  level  increased;  however,  nearly  one-half  of  the 
measurements  analyzed  gave  an  average  Poisson  standard  deviation 
of  about  4%.  Additional  specific  information  is  given  in 
Appendix  B. 
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SECTION  IV 

COMPUTER  STUDIES  OF  TEMPERATURE  MEASUREMENTS 
USING  RAMAN  SPECTROSCOPY 

In  the  course  of  this  work  a  number  of  problems  were  encoun¬ 
tered  which  were  solved  by  computer  analysis.  Two  of  these 
problems  are  of  particular  interest  and  deserve  to  be  described 
here.  The  first  of  these  problems  centered  around  the  difficulty 
brought  about  by  the  vibration  of  the  spectrometer  induced  by  the 
J85  turbojet  engine.  This  problem  is  discussed  in  some  detail  in 
Section  5.2.4  in  Appendix  A.  The  problem  was  resolved  into  two 
questions.  The  first  question  concerned  the  relationship  between 

the  fitted  temperature  and  the  two  parameters  which  were  used  to 

(  7  ) 

determine  the  slit  function.  The  second  question  was  con¬ 

cerned  with  the  choices  made  for  the  slit  parameters  in  analyzing 
the  J85  Raman  data.^'  ^  The  resolution  to  these  two  ques¬ 
tions  is  presented  in  Section  3. 3. 3. 3  of  Appendix  A.  Basically 
the  fitted  temperature  is  a  sensitive  function  of  the  slit  para¬ 
meters,  and  the  vibration  of  the  spectrometer  during  the  J85 
measurements  would  have  introduced  an  error  of  about  20  °K  upward 
if  corrections  had  not  been  applied. 

QO) 

The  second  study  was  performed  by  Bemmer  and  Yaney 
and  was  concerned  with  the  effect  of  time  averaged  temperature 
measurements  on  an  environment  in  which  a  significant  temperature 
distribution  exists.  A  simulated  composite  spectrum  was 
generated  by  a  Gaussian  (i.e.,  symmetric)  distribution  of  tem¬ 
peratures.  The  apparent  temperature  due  to  a  time-averaged 
measurement  on  the  distribution  was  obtained  by  fitting  a  theore¬ 
tical  spectrum  to  the  composite  spectrum.  In  the  range  of  1000 
to  3000  °K ,  the  errors  in  the  apparent  temperature  obtained  from 
the  simulated  time-averaged  measurements  were  less  than  1%  rela¬ 
tive  to  the  true  mean  temperatures  of  the  assumed  distributions. 
This  was  calculated  for  a  standard  deviation  in  the  temperature 
distributions  of  200  °K.  With  a  mean  temperature  of  2000  °K,  a 
400  °K  standard  deviation  introduced  an  error  of  less  than  2% 

( downward ) . 
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Two  facts  must  be  considered  in  evaluating  these  results. 

In  the  temperature  range  of  these  calculations  and  for  the  closen 
slit  function,  the  ratio  of  the  first  hot-band  intensity  to  the 
main  peak  of  the  nitrogen  Raman  spectrum  used  in  these  calcula¬ 
tions  is  nearly  a  linear  function  of  temperature.  Thus,  as  long 
as  the  temperature  distribution  lies  within  the  linear  range,  the 
temperature  obtained  from  the  composite  spectrum  is  very  close  to 
the  mean  temperature  of  the  distribution.  These  temperatures 
would  be  expected  to  deviate  noticeably  when  the  mean  temperature 
is  close  to  or  outside  the  linear  range.  This  would  be  par¬ 
ticularly  true  for  temperatures  below  about  1000°  K  where  the 
first  hot-band  intensity  drops  to  very  low  levels. 

The  second  feature  of  these  calculations  is  that  they  were 
carried  out  assuming  essentially  constant  density  (i.e.,  constant 
volume)  conditions.  To  be  more  applicable  to  the  combustors  of 
interest,  constant  pressure  conditions  need  to  be  studied  wherein 
the  density  varies  inversely  with  temperature.  This  will  change 
the  intensity  weighting  of  the  individual  spectra  which  make  up 
the  composite  spectrum.  The  result  will  be  to  introduce  a  non¬ 
linearity  in  the  calculation  which  will  probably  increase  the 
difference  between  the  mean  temperature  and  the  fitted  tem¬ 
perature  of  the  composite  spectrum.  Clearly,  the  size  of  this 
increase  will  depend  on  the  shape  and  width  of  the  distribution 
chosen . 

Although  a  final  assessment  of  time-averaged  temperature 
measurements  using  the  Raman  Stokes  spectrum  must  await  addi¬ 
tional  studies,  in  particular  of  temperatures  below  1,000°  K  and 
of  constant  pressure  conditions,  the  results  reported  here 
strongly  suggest  that  viable  temperature  measurements  can  be 
obtained  in  combustion  environments  that  can  be  characterized  by 
well-defined  temperature  distributions. 
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SECTION  V 
CONCLUSIONS 


The  primary  result  of  the  work  performed  in  this  program  is 
that  reasonably  accurate  quantitative  temperature  measurements 
can  be  made  in  real  combustion  environments  using  spontaneous 
Raman  scattering.  In  the  course  of  this  work,  not  only  were 
methods  developed  to  obtain  precise  temperatures  from  measure¬ 
ments  made  on  Stokes  Raman  band  of  N^ ,  but  also  these  tem¬ 
peratures  were  shown  to  be  in  agreement  with  the  temperatures 
obtained  using  standard  probes.  The  essential  thrust  of  this  work 
is  that  such  measurements  are  possible  per  se  in  situations  where 
time-averaged  measurements  are  viable.  It  was  suggested  that  a 
time-averaged  measurement  is  meaningful  in  the  case  where  there 
is  a  well-defined  distribution  of  temperatures. 

The  main  limitation  to  these  measurements  was  the  nature  of 

the  background  signal.  Fluorescence  background  levels  can  be 

(11  12) 

reduced  by  the  use  of  a  pulsed  laser  with  gated  direction  ' 
as  was  used  in  our  work.  Furthermore,  considerable  control  over 
this  background  also  can  be  exercised  by  the  choice  of  laser 
wavelength  which  was  not  possible  in  this  work.  An  example  of 
the  importance  of  this  choice  is  seen  in  the  fact  that  the 
fluorescence  emission  bands  of  six  different  liquid  fuels  all 
have  their  peaks  at  3250  K  with  the  emission  lower  about  two 
orders  of  magnitude  above  4500  &  in  all  cases.  The 

choice  of  Laser  in  our  work  was  constrained  to  the  nitrogen  laser 
having  a  3371-A  output.  Thus,  the  fluorescence  background  was 
probably  excited  with  high  efficiency  in  our  studies  due  to  the 
short  wavelength  of  the  laser.  There  was  no  evidence  that  laser- 
induced  soot  incandescence  contributed  to  the  observed  background 
s ignal . 

However,  high  background  levels,  as  such,  were  not  the 
limiting  factor  in  these  measurements.  If,  when  the  background 
level  was  high,  either  the  fractional  concentration  of  the 


nitrogen  probe  molecule  in  the  sample  volume  was  very  low  or  the 
temporal  fluctations  (e.g.,  due  to  turbulence)  in  the  background 
were  high,  or  both,  then  a  meaningful  measurement  was  not 
possible.  Basically,  the  concentration  must  be  high  enough  and 
the  fluctuations  small  enough  to  permit  an  unambiguous  detection 
of  the  first  hot  band  in  the  Raman  spectrum  of  the  nitrogen  mole¬ 
cule.  In  principle,  if  this  band  is  detectable,  then  a  tem¬ 
perature  measurement  is  possible  using  this  technique.  In  the 
two  circumstances  mentioned  in  which  a  temperature  measurement 
was  not  possible  using  this  technique,  there  is  also  a  genuine 
need  for  clarification  of  what  constitute  meaningful  temperature 
measurements  regardless  of  whether  they  are  time-averaged  or 
instantaneous . 

A  significant  feature  of  this  work  compared  to  many  other 
optical  techniques  is  the  demonstration  of  accurate  temperature 
measurements  on  a  combustion  zone  probed  optically  on  only  one 
side  and  from  a  relatively  remote  position  (viz.,  about  three 
meters ) . 

More  detailed  conclusions  are  yiven  in  thi  two  appendices. 

In  addition,  a  list  of  recommendations  concerning  the  LARS 
measurements  on  the  combustion  tunnel  are  presented  in  Appendix  B. 


I 

I 

i 


REFERENCES 


1.  D.A.  Leonard,  Field  Tests  of  a  Laser  Raman  Measurement 
System  for  Aircraft  Engine  Exhaust  Emissions,  Final 
Technical  Report  No.  AFAPL-TR-74-100  (AVCO  Everett 
Research  Laboratory,  Inc.,  Everett,  Mass.,  October,  1974). 

2.  D.A.  Leonard  and  B.  Caputo,  Development  of  a  Raman  System 
as  a  Combustion  Diagnostic  Tool,  Final  Technical  Report 
AFAPL-TR-7 5-99  (Computer  Genetics  Ccrp.,  Wakefield,  Mass., 
October,  1975);  Interim  Report,  Task  19,  Wright-Patterson 
Senior  Investigator  Program  (Purdue  University,  West 
Lafayette,  Ind.,  March  19,  1976). 

3.  W.M.  Roquemore  and  P.P.  Yaney,  "Comparison  of  Thermo¬ 
couple,  Gas-Sampling,  and  Raman  Measured  Temperatures  in 

an  Afterburning  Turbojet  Engine  Plume,"  in  the  Proceedings  of 
the  10th  Materials  Research  Symposium  on  Characterization  of 
High  Temperature  Vapors  and  Gases,  J.  W.  Hastie,  editor 
(National  Bureau  of  Standards,  September  18-22,  1978, 
Gaithersburg,  Maryland,  1979,  in  press).  Excerpts  of  this 
paper  are  given  in  Appendix  A. 

4.  P.P.  Yaney,  Combustion  Diagnostics  Using  a  Pulsed-Laser 
Raman  Spectroscopy  System,  Interim  Report.  This  report  is 
presented  herein  as  Appendix  B. 

5.  P.P.  Yaney,  R.J.  Becker,  P.R.  Hemmer ,  and  T.H.  Hemmer,  LARS 
Operations  and  Maintenance  Manual,  Volumes  I,  II,  and  III. 
(University  of  Dayton,  1979,  unpublished). 

6.  P.R.  Hemmer,  P.P.  Yaney,  and  W.M.  Roquemore,  "Computer  Fits 
of  Calculated  Raman  spectra  of  N 2  to  observed  spectra," 

Bull.  Am.  Phys .  Soc .  2_2,  1039  (1977). 

7.  T.H.  Hemmer,  P.P.  Yaney,  and  P.R.  Hemmer,  "Effect  of  Variations 
in  Instrument  Function  on  the  Temperature  Calculated  from  the 
Raman  Spectrum  of  N2,"  Bull.  Am.  Phys.  Soc.  2 jj,  162 

(1978)  . 

8.  J.  Ay,  W.M.  Roquemore,  P.P.  Yaney,  and  P.R.  Hemmer,  "Raman 
Measurements  in  the  J85-5  Afterburning  Turbojet  Engine 
Plume,"  The  Winter  Annual  Meeting  of  the  American  Society  of 
Mechanical  Engineers,  Atlanta,  Georgia,  November  27-December 
2,  1977,  postdeadline  paper,  Session  4A.  Presented  by  P.P. 
Yaney . 


i 


'  1 


! 


I 


V 


14 


REFERENCES  (coat'd) 


9.  P.P.  Yaney,  P.R.  Henimer ,  T.H.  Hemmer ,  and  W.M.  Roquemore, 
"Determination  of  Temperatures  in  the  Combustion  Zone  of  a 
J85-5  Jet  Engine  Using  the  Laser-excited  Vibrational- 
rotational  Raman  Spectrum  of  Nitrogen,"  in  Thirty-Third 
Annual  Molecular  Spectroscopy  Symposium  (Ohio  State 
University,  June  12-16,  1976). 


10.  T.H.  Hefiyuer  and  P.P.  Yaney,  "Computer  Study  of  Time- 
Averageo  Temperature  Measurements  on  Combustion 
Temperatures  Obtained  from  Raman  Spectra  of  N2 , " 
Bull.  Am.  Phys.  Soc .  (to  be  published,  1979). 


11.  P.P.  Yaney,  "Reduction  of  Fluorescence  Background  in 
Raman  Spectra  by  the  Pulsed  Raman  Techniques,"  J.  Opt, 
Soc.  Am.  62,  1297  (1972) . 

12.  P.P.  Yaney,  "The  Pulsed  Laser  and  Gated  Detection  in 
Raman  Spectroscopy — A  Survey  of  the  Spectra  of  Common 
Substances  Including  Studies  of  Absorbed  Benzene,"  J. 
Raman  Spectry.  5,  219  (1976). 

13.  W.M.  Roquemore  and  F.N.  Hodgson,  "Fluorescence  of 


APPENDIX  A 


RAMAN  MEASURED  TEMPERATURES  IN  AN  AFTERBURNING 
TURBOJET  ENGINE  PLUME 


Excerpts  of 

"Comparison  of  Thermocouple,  Gas  Sampling,  and 
Raman  Measured  Temperatures  in  an  Afterburning 
Turbojet  Engine  Plume" 


W.M.  Roquemore  and  P.P.  Yaney 
in  the 

dings  of  the  10th  Materials  Research 


Symposium  on  Characterization  of  High 
Temperature  Vapors  and  Gases, 


ional  Bureau  of  Standards 


COMPARISON  OF  THERMOCOUPLE,  GAS  SAMPLING,  AND  RAMAN  MEASURED 
TEMPERATURES  IN  AN  AFTERBURNING  TURBOJET  ENGINE  PLUME 


W.  M.  Roquemore 

Air  Force  Aero  Propulsion  Laboratory 
Wright-Patterson  AFB,  OH  45433 
and 

Perry  Pappas  Yaney1 
Department  of  Physics 
University  of  Dayton 
Dayton,  OH  45469 

This  paper  describes  the  results  of  plume  temperature  measurements 
made  with  three  different  probes:  a  Pt  13%  RhPt  thermocouple  probe,  a 
gas  sampling  probe,  and  a  spontaneous-Raman-scattering  optical  probe. 
Measurements  were  made  on  the  centerline  of  the  chemically  reactive 
plume  of  an  afterburning  J855  turbojet  engine,  about  one  meter  from  the 
nozzle  exit.  The  engine  was  operated  at  12  different  fuel-air  ratios 
ranging  from  0.0094  to  0.0517.  Thermocouple  measurements  were 
corrected  for  radiation  and  recovery.  A  combination  gas-sampl ing-and- 
pressure  probe  was  used  to  measure  carbon  dioxide,  carbon  monoxide  and 
total  hydrocarbon  concentrations,  and  total  gas  stream  pressures, 
temperatures  were  calculated  from  the  concentration  measurements. 

Raman  scattering  measurements  were  made  in  a  near-backscattering  geometry 

O 

using  a  pulsed  nitrogen  gas  laser  (3371  A),  a  computer-controlled  SPEX 
double  spectrometer ,  and  an  8850  RCA  photomultiplier  tube  with  EGG/ 

0RTEC  time-gated  current-integration  detection  apparatus.  Raman 
temperatures  were  determined  by  fitting  calculated  spectra  to  the 
experimental  spectra  of  the  nitrogen  gas  in  the  plume.  Simultaneous 
Raman  and  gas  sampling  measurements  made  at  nearly  the  same  axial 
location  in  the  plume  were  compared.  An  observed  correlation  between 
engine  fuel-air  ratio  and  temperature,  was  also  used  to  compare  the 

Work  repor ted  here  was  performed  through  the  auspices  of  the  Research  Institute  of  the 
ini  vers  ity  of  Dayton. 
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three  techniques.  The  temperatures  measured  by  the  Raman,  gas-sampling, 
and  thermocouple  techniques  were  in  agreement  within  the  experimental 
error  of  about  5  percent  except  at  maximum  engine  power  where  the 
thermocouple  deviated  by  about  10  percent. 

3.3  Raman  scattering 

Light  scattering  is  the  analysis  of  the  intensity,  polarization,  and  spectral  content  of 
the  light  collected  from  a  well-defined  region  of  a  medium  which  is  illuminated  by  an 
intense,  monochromatic  light  source  of  known  characteristics.  Raman  scattering  is  concerned 
specifically  with  that  portion  of  the  scattered  light  which  is  spectrally  shifted  (i.e.,  in 
wavelength)  from  the  wavelength  of  the  incident  light  due  to  the  molecular  oscillations  of 
the  medium.  The  use  of  Raman  scattering  as  an  optical  diagnostic  probe  for  temperature 
measurement  spans  three  areas  of  overlapping  endeavor.  These  are  (1)  the  theoretical  analy¬ 
sis  of  the  basis  for  the  measurement,  (2)  the  design  and  operation  of  the  experimental  ap¬ 
paratus,  and  (3)  the  analysis  of  the  data.  The  approaches  taken  in  this  work  in  these  three 
areas  are  the  subjects  of  this  section.  In  Section  3.3.1,  the  apparatus  used  to  make  the 
measurements  and  the  features  important  to  its  operation  are  described.  A  brief  outline  of 
spontaneous  Raman  scattering  theory  is  given  in  Section  3.3.2  with  the  application  of  this 
theory  to  the  calculation  of  temperature  covered  in  Section  3.3.3. 


3.3.1  Description  of  the  Raman  system 


The  Raman  system  used  in  this  work  was  a  modified  version  of  the  system  described  by 
Leonard  [8],  It  consisted  of  two  separated  subsystems.  One  subsystem  was  the  optical 
transceiver  unit  which  was  located  in  the  test  cell  with  the  engine.  The  other  subsystem 
consisted  of  the  signal -handl i ng  electronics,  a  Data  General  Nova  1220  minicomputer,  and 
various  power  supplies.  Two  of  the  important  features  of  these  subsystems  are:  (1)  the 
size  and  shape  of  the  scattering  volume  referred  to  as  the  scattering  "geometry,"  and  (2) 
the  electronic  signal  detection  scheme.  These  features  as  well  as  the  subsystems  are 
described  in  the  following  sections. 

3.3. 1.1  The  transceiver 

The  transceiver  and  its  position  relative  to  the  engine  is  illustrated  in  figure  3. 

The  transceiver  components  were  mounted  on  a  custom-made,  aluminum  pallet  with  dimensions 
of  2.9  m  by  1.4  m.  The  laser  was  an  AVCO  model  C5000  pulsed,  nitrogen-gas  laser  with 
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emission  at  3371  A.  It  was  operated  at  250  pps  with  about  100  mW  average  power.  Its  beam 

pattern  consisted  of  a  complex  array  of  parallel  "lines"  of  light  in  the  far  field  having 

an  overall  measured  half-angle  divergence  of  approximately  1.2  mr  by  10.4  mr.  The  beam  at 

the  laser  (near  field)  consisted  primarily  of  two  very  narrow,  bright  lines  of  light 

separated  by  3.2  mm  and  50  mm  in  length.  The  beam  was  directed  and  focused  by  means  of  a 

lens,  a  135-cm-focal  length,  45-cm-di ameter  spherical  concave  mirror,  and  five  large, 

flat,  beamfolding  mirrors.  The  mirrors  were  adjusted  to  focus  the  two  lines  of  light  into 

a  single  line.  Since  the  pulse  length  was  about  10  ns,  the  pulse  energy  was  400  pj,  and 

2 

with  a  peak  power  of  about  40  kW,  the  peak  intensity  at  focus  was  about  0.6  MW/cm  .  The 
laser  beam  was  monitored  by  a  ITT  type  F4000  high-current,  biplanar,  vacuum  photodiode 
with  S5  cathode  response.  The  signal  from  this  photodiode  was  used  to  monitor  the  laser 
power  and  to  provide  trigger  signals  for  the  electronics. 

The  receiver  portion  of  the  transceiver  used  a  model  117  40-cm-diameter  Cassegrain 
telescope  supplied  by  Group  128,  Inc.  as  the  collecting  optic.  This  telescope  had  a 
primary  focal  ratio  of  f/3  with  an  overall  ratio  of  f/11.  It  was  set  up  to  give  near 
unity  magni f ication  with  the  laser-illuminated  volume  at  about  three  meters  from  the 
telescope  The  light  from  the  telescope  was  focused  on  the  entrance  slit  of  a  SPEX  model 
1402  double  spectrometer.  The  detector  was  an  RCA  8850  photomultiplier  tube  (PMT)  connected 
for  fast-pulse  detection. 


3.3. 1.2  Scattering  geometry 

The  transceiver  was  positioned  so  that  the  axis  of  the  collecting  telescope  was 
approximately  horizontal  and  intersected  the  axis  of  the  engine.  The  laser  beam  was 
directed  from  below  the  telescope  up  through  the  engine  axis  so  that  the  long  dimension  of 
the  beam  was  coincident,  with  the  vertical  plane  containing  the  telescope  axis.  This 
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Figure  3.  Raman  transceiver  subsystem  with  a  schematic  of  the  optical  arrangement. 

arrangement  not  only  placed  the  long  dimension  of  the  laser  beam  parallel  to  the  spectro¬ 
meter  slit,  but  it  also  allowed  the  transceiver  to  be  placed  at  a  safe  distance  from  the 
combustion  plume;  however,  it  created  a  rather  large,  odd-shaped  scattering  volume  from 
which  the  Raman  signal  was  gathered.  Because  of  the  large  divergence  of  t.he  long  dimensior 
of  the  laser  beam,  the  focused  beam  was  originally  almost  50  mm  long.  By  replacing  the 
final,  30-cm-long,  beam-directing,  flat  mirror  with  a  segmented  mirror  consisting  of  three 
10-cm-long,  flat  mirrors  each  adjusted  to  project  its  beam  -egment  onto  a  common  line;  the 
focused  beam  was  reduced  to  a  length  of  about  23  mm.  The  scattering  volume  as  viewed  from 
the  engine  nozzle  is  illustrated  in  figure  4  The  "thickness"  of  this  volume  was  determined 
by  the  width  of  the  laser  beam  which  was  about  0.3  mm  at  the  engine  axis. 

The  scattering  geometry  was  nearly  "buckscattering"  with  an  angle  between  the  beam 
direction  the  direction  of  the  collected  light  along  the  telescope  axis  of  155°.  A 
disadvantage  of  this  near-backscatt.ering  geometry  was  that  signals  from  across  the  whole 
diameter  of  the  combustion  plume  could  be  detected  as  indicated  in  figure  4.  The  effective 
"depth-of-focus"  of  this  qeometry  was  determined  by  translating  an  ordinary  microscope 
slide  along  the  axis  of  the  telescope  and  measuring  the  fluorescence  signal  from  the  slide 
due  to  the  laser  beam  These  measurements  are  plotted  in  figure  5  along  with  the  total 
temperature  profile  reported  by  General  Electric  for  this  same  type  engine  [3]  at  the  1.14 
m  position  from  the  nozzle  of  the  afterburner.  These  graphs  indicate  that  about.  90 
percent  of  the  observed  Raman  signals  came  from  within  the  constant  temperature  portion  of 
the  plume.  This  fact  was  the  deciding  factor  in  the  choice  of  this  axial  station  for  the 
measurements.  The  remaining  10  percent  of  the  observed  signal  which  may  have  included  the 
cooler  portions  of  the  plume  could  have  biased  our  temperature  measurements  low  by  as  much 
as  1  percent.  However,  since  it  was  not  possible  to  account  for  this  error  in  any  detailed 
manner,  it  had  to  be  neglected. 
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3.3.  1.3  The  electronics 


A  block  diagram  of  the  electronics  subsystem  is  given  in  figure  6.  The  subsystem  was 
separated  from  the  transceiver  by  about  15  m  of  cable  and  was  located  in  the  control  room 
next  to  the  test  cell.  As  shown  in  figure  6,  the  system  was  completely  controlled  by  the 
Nova  computer.  Three  different  signals  were  recorded  for  each  laser  pulse.  The  data 
signal  from  the  PMT,  which  was  synchronous  with  the  laser  pulse  and  carried  the  Raman 
signal,  was  recorded  first  followed  by  a  recording  of  the  laser  power  signal  which  came 
from  the  photodiode.  After  600  ps  from  each  laser  pulse,  the  signal  from  the  PMT  was 
again  sampled  to  determine  the  non-laser-induced  background  signal.  This  sequence  was 
repeated  for  the  number  of  laser  pulses  programmed.  The  three  signals  were  accumulated  in 
the  computer  during  this  signal-acquisition  time.  At  the  end  of  this  period,  the  accu¬ 
mulated  background  signal  was  substracted  from  the  accumulated  data  signal  and  the  result 
was  divided  by  the  normalized  value  of  the  integrated  laser  power  during  the  period.  This 
net  signal  as  well  as  the  three  raw  signals  were  recorded  on  punched  paper  tape  for 
subsequent  analysis.  After  this  process  was  completed,  the  spectrometer  was  stepped  to 
the  next  programmed  wavelength  and  the  sequence  was  repeated. 
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Figure  6.  Raman  electronics  subsystem. 


3.3  1.4  Signal  detection 


Signal  detection  using  a  1 '  near-gate-and-stret.cher  circuit  is  an  analog  method 
(versus  pulse  counting)  in  that  the  pulses  from  the  detector  are  integrated  in  real  time. 
The  output  of  this  circuit  is  a  relatively  long  pulse  (‘'■3  ps)  whose  amplitude  is  linearly 
related  to  the  total  electric  charge  received  at  the  input  Since  the  anode  current  in  a 
PMT  or  a  photodiode  is  proportional  to  the  number  of  photons  incident  on  the  photocathode 
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per  second,  integrating  the  anode  pulse  gives  a  signal  proportional  to  the  number  of 
photons  detected.  The  pulses  from  the  PMT  were  about  20  ns  in  width  across  their  base.  A 
20  ns  gate  signal  was  applied  to  the  linear  gate  module  attached  to  the  PMT ,  and  its  time 
delay  was  adjusted  to  be  synchronous  with  the  room-air  nitrogen  (N^)  Raman  signal.  In  a 
similar  manner,  a  gate  signal  delayed  by  600  ps  was  applied  to  the  module  in  order  to 
sample  the  non- laser- induced  background  signal. 

This  gated  current- integrating  detection  scheme  had  the  advantage  of  a  low  duty 
cycle,  namely  5  x  10  6  for  our  case,  which  suppressed  signals  that  arose  from  ambient 
sources  such  as  room  lights,  combustion  plume  radiation,  etc.  A  second  advantage  came 
from  the  discrimination  against  fluorescence  processes  which  had  lifetimes  equal  to  or 
greater  than  about  10  ns.  Although  many  of  the  processes  occurring  in  combustion  zones 
appear  to  have  lifetimes  shorter  than  10  ns,  we  have  found  that  there  is  almost  always 
some  fluorescence  emission  present  beyond  10  ns  from  the  laser-pulse  peak. 

The  main  disadvantage  of  this  detection  technique  is  that  the  limit  on  the  dynamic 
range  of  signal  measurement  is  set  by  the  1 inear-gate-and-stretcher  module.  The  module 
used  with  the  PMT  was  specified  to  have  a  linear  range  of  at  least  3  to  100  pico-Coulombs 
(pC).  This  required  that  the  voltage  applied  to  the  PMT  be  adjusted  so  that  the  maximum 
anticipated  signal  did  not  exceed  the  100  pC  value.  As  shown  in  figure  6,  the  output  of 
the  module  was  sent  to  an  encoder  which  produced  a  burst  of  40  MHz  pulses.  The  number  of 
pulses  in  the  burst  were  proportional  to  the  input  pulse  amplitude.  The  counter  recorded 
the  number  of  pulses  and  sent  the  value  to  the  computer.  Our  concern  was  that  the  entire 
signal  detection  and  recording  scheme  was  linear  over  the  largest  possible  range.  Cali¬ 
bration  measurements  were  made  with  the  linear  gate,  encoder,  and  counter  combination 
using  attenuated  test  pulses  into  the  linear  gate  as  well  as  with  the  complete  detection 
system  using  attenuating  optical  (neutral  density)  filters  taken  while  sitting  on  a  peak 
of  the  room-air  N9  Raman  line.  These  measurements  showed  that  the  response  was  linear  to 
within  ±1  percent  over  a  range  of  at  least  50  to  one,  with  signals  down  by  a  factor  of  100 
being  usefully  detected.  This  was  precisely  the  range  needed  in  our  studies  to  record  the 
Raman  spectrum  of  1^  with  the  engine  at  "Military"  power.  At  this  power,  the  signal 
dynamic  range  was  the  largest  of  all  the  observed  spectra  due  to  the  very  low  laser- 
induced  background. 


3.3.2  Spontaneous  Raman  scattering 

In  the  simplest  terms,  Raman  scattering  arises  from  the  modulation  of  an  incident  elec¬ 
tromagnetic  wave  by  the  temporal  fluctuations  of  the  dielectric  constant  of  the  medium 
being  probed.  This  modulation  produces  the  "side  bands"  which  are  electromagnetic  emissions 
that,  are  shifted  in  frequency  in  a  symmetric  manner  above  and  below  the  frequency  of  the 
incident  wave  as  illustrated  in  figure  7(a).  In  the  case  of  a  simple  diatomic  gas,  the 
dielectric  constant  depends  on  the  electric  polarizability  of  its  molecules.  As  a  molecule 
vibrates  and  rotates,  its  polarizability  oscillates  at  frequencies  which  are  characteristic 
of  the  vibrational  and  rotational  states  that  can  be  occupied  by  that  molecule.  The 
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relative  intensities  of  the  side  bands  are  determined  by  the  populations  of  these  states 
which  in  turn  are  governed  by  the  rules  of  quantum  mechanics  and  the  temperature  of  the 
medium.  The  scattered  light  intensity  is  linearly  dependent  on  the  intensity  of  the 
incident  light  and,  in  general,  occurs  in  all  directions  from  the  scattering  medium. 

These  features  are  characteristic  of  spontaneous  scattering.  In  the  two  following  sections, 
the  Raman  scattering  from  diatomic  molecules  and  the  manner  in  which  it  depends  on  tem¬ 
perature  are  briefly  reviewed. 

3. 3. 2.1  The  Raman  spectrum  of  a  diatomic  molecule 

The  theory  of  Raman  spectra  in  general  as  well  as  of  diatomic  molecules  in  particular 
has  been  well  documented  [26,27,28],  Furthermore,  the  theory  has  been  reviewed  a  number 
of  times  in  publications  concerned  with  Raman  thermometry  [5,6,7,8,11]  Therefore,  we 
will  only  outline  those  features  of  the  theory  which  clarify  the  rationale  and  methods 
used  to  obtain  the  Raman  temperatures. 

As  shown  in  figure  7(a),  the  Raman  emissions  shifted  to  frequencies  higher  than  the 
incident  laser  frequency  form  the  anti-Stokes  spectrum,  while  those  shifted  lower  are 
called  the  Stokes  spectrum.  In  addition  to  the  Raman  spectra,  a  medium  will  scatter  the 
incident  light  without  any  shift  of  frequency.  This  is  called  Rayleigh  scattering; 
however,  in  many  measurement  circumstances,  additional  unshifted  light  is  scattered  by 
various  sizes  and  types  of  particles  (e.g.,  soot)  in  the  medium  and,  as  such  come  under 
the  topic  of  Mie  or  Tyndall  scattering  [29],  To  characterize  the  strength  of  spontaneous 
Raman  emissions,  it  is  noted  that  Rayleigh  scattering  from  a  pure  gas  is  generally  not 
visible  (i.e. ,  a  bright  beam  of  light  viewed  from  the  side  on  a  dark,  clear  night  cannot 
be  seen).  Ihe  Raman  emissions  from  gas  are  on  the  order  of  a  thousand  times  weaker 
than  its  Rayleigh  scattering.  Thus,  the  need  for  high-power  lasers  and  sophisticated 
detection  equipment  is  clearly  dictated. 

In  figure  7(b),  a  portion  of  the  energy  level  scheme  of  a  diatomic  molecule  is  sche¬ 
matically  represented.  The  vibrational  energy  levels  labeled  with  the  quantum  number  v 
show  a  decreasing  spacing  with  increasing  energy  lhe  quantum  mechanical  selection  rules 
require  that  if  the  vibrational  state  of  the  molecule  changes,  it  can  only  do  so  if  the 
change  in  v  is  by  one  unit,  that  is,  Av  =  ±1.  In  addition,  in  any  vibrational  state  a 
molecule  can  have  rotational  energy  specified  by  the  quantum  number  J.  The  rule  governing 
changes  in  rotational  energy  which  appear  in  the  Raman  spectrum  is  AJ  -  0,  +2.  In  frgur* 
7(b),  only  six  of  the  many  possible  transitions  are  shown  all  of  which  have  AJ  =  0.  For 
example,  in  the  transition  labeled  "0,"  the  molecule  is  excited  into  the  first  vibrational 
level  (v  -  1)  by  the  incident  laser  light  of  frequency  L  with  the  Stokes  Raman  light 
appearing  at  "0"  in  figure  /(a)  Thus,  with  the  inclusion  of  all  the  permitted  line-,  it 
can  be  seen  that  the  position,  density,  and  spread  of  the  lines  in  the  Raman  spectrum  is 
determined  by  the  energy  level  scheme  of  the  molecule. 
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Figure  7.  (a)  Simplified  Raman  spectrum,  (b)  Schematic  representation  of  the  energy 

levels  and  selected  Q  branch  transitions  of  a  diatomic  molecule. 

The  vibrational-rotational  Raman  spectrum  of  a  diatomic  molecule  is  divided  into 
three  branches  of  spectra.  The  group  of  lines  for  which  AJ  =  0,  a  small  portion  of  which 
is  shown  in  figure  7,  is  called  the  Q  branch.  On  either  side  of  the  Q  branch  are  broad 
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(20  to  40  A  wide)  groups  of  weak  lines  which  result  from  a  change  in  the  rotational  energy 
given  by  AJ  =  ±2.  The  band  on  the  high-frequency  side  of  the  Q  branch  is  called  the  0 
branch  (AJ  =  -2)  with  the  remaining  band  being  the  S  branch  (AJ  =  +2).  Generally,  the 
intensities  of  these  two  branches  are  about  two  orders  of  magnitude  weaker  than  the  peak 
of  the  Q  branch  [8].  Because  of  the  relatively  low  intensity  of  these  oranches,  they  are 
often  neglected  for  high  temperature  measurement  purposes  [30,31];  however,  since  our 
studies  included  measurements  of  temperatures  below  ^900  K,  we  calculated  the  contributions 
of  these  branches  to  the  Raman  spectra. 

3. 3. 2. 2  Temperature  dependence 

Raman  scattered  light  is  directly  proportional  to  the  concentration  of  molecules  in 
the  observed  volume.  Because  of  the  unequal  spacing  of  the  vibrational  energy  levels,  as 
illustrated  in  figure  7(b),  the  Q  branch  spectrum  is  made  up  of  one,  two,  or  more  bands  or 
peaks  corresponding  to  the  initial  energy  levels  of  the  transitions  responsible  for  the 
bands.  The  relative  intensity  of  a  band  depends  on  the  fraction  of  the  observed  molecules 
present  in  the  initial  level  of  the  band  (i.e.,  the  population).  This  fraction  depends  on 
the  temperature.  As  the  temperature  increases,  the  population  of  the  higher  levels  (v  >  0 
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in  figure  7(b))  increases  at  the  expense  of  the  lowest  level  (v  =  0).  Thus,  the  correspond¬ 
ing  bands  of  lines  of  which  two  are  represented  by  the  single  lines  labeled  "1"  and  "2"  in 
figure  7(a),  will  become  more  intense  relative  to  "band  0."  For  this  reason,  these  bands 
are  commonly  called  "hot  bands."  As  a  convenience,  we  shall  refer  to  band  "0"  as  the 
"main  peak"  since  it  is  commonly  the  strongest  feature  in  the  Raman  spectra  of  diatomic 
molecules  for  temperatures  less  than  3000  K. 

We  performed  temperature  measurements  by  making  use  of  the  fact  that  the  intensity 
envelope  of  the  Stokes  Q  branch  provides  a  unique  signature  for  every  temperature.  Typical 
Stokes  Raman  spectra  (as  a  function  of  wavelength,  not  frequency)  calculated  for  N„  gas 
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are  given  in  figure  8.  The  laser  wavelength  used  for  these  spectra  was  3371  A.  Clearly, 
as  the  temperature  increases,  the  intensity  of  the  hot  band  labeled  v  =  1  relative  to  the 
main  peak  labeled  v  =  0  also  increases.  A  finite  spectral  width  of  the  laser  line  plus  a 
wide  slit  setting  of  the  spectrometer  were  assumed  in  order  to  obtain  the  trapezoidal  slit 
function  shown  in  the  figure.  This  slit  function  integrates  or  smooths  out  the  contribution 
from  the  individual  Q  branch  lines  described  above.  It  should  be  noted  that  these  spectra 
have  their  peak  intensities  normalized  to  unity  to  provide  for  a  convenient  format.  In 
practice  there  is  a  decrease  in  the  intensity  of  the  main  peak  with  increasing  temperature, 
not  only  due  to  shifts  of  energy-level  populations,  but  also  due  to  a  loss  of  gas  density 
as  given  by  the  gas  law. 


Figure  8.  Calculated  Stokes  Q  branch  spectra  of  N„  on  a  normalized  intensity  scale 
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for  3371  A  excitation  and  a  trapezoidal  slit  function. 
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A  second  approach  to  temperature  measurement  uses  the  result  that  as  the  higher  vi¬ 
brational  levels  become  occupied  with  increasing  temperature,  the  anti-Stokes  spectrum  (Av 
=  -1)  becomes  more  intense.  Thus,  the  temperature  can  be  calculated  from  the  ratio  of  the 
total  anti-Stokes  intensity  to  the  total  Stokes  intensity.  However,  in  the  studies  reported 
here,  the  engine- induced  vibration  of  the  spectrometer  prevented  the  use  of  the  first-order 
gratings  needed  to  record  the  anti-Stokes  spectrum. 

In  addition  to  Raman  spectra  involving  both  vibrational  and  rotational  transitions,  pure 
rotational  Raman  can  be  observed  wherein  only  AJ  =  ±2  and  Av  =  0.  In  this  case,  a  very 

closely  spaced  array  of  lines  appear  on  both  sides  and  in  the  immediate  vicinity  of  the  laser 

line.  Although,  the  pattern  and  intensity  envelope  of  these  groups  of  lines  are  temperature 
dependent,  this  region  is  occupied  by  pure  rotational  Raman  spectra  of  all  molecular  gases. 

It  is  possible  to  pick  out  specific  rotational  lines  for  temperature  measurement  [12]  pro¬ 
viding  that  the  spectral  line  width  of  the  laser  is  sufficiently  narrow.  In  these  studies, 
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the  line  width  of  the  nitrogen  laser  was  about  1.0  A  which  is  larger  than  the  spacing  of  the 
Raman  lines  in  the  pure  rotational  spectrum  of  gas.  Thus,  it  was  not  possible  to  resolve 
this  spectrum  in  this  work. 

3.3.3  Calculation  of  Raman  temperature 

The  primary  fact  used  in  attempting  to  make  remote  temperature  measurements  in  a  gaseous 

atmosphere  using  any  particular  Raman  technique  is  that  the  strength,  shape,  and  extent  of 

the  Raman  spectrum  of  a  gas  in  equilibrium  is  unique  for  any  given  temperature.  This  is  the 
case  for  pure  rotational  Raman  scattering  as  well  as  for  vibrational-rotational  Raman  scat¬ 
tering  regardless  of  whether  one  of  the  complicated  coherent  Raman  techniques  is  used  or  the 
simple  spontaneous  Raman  technique  used  in  these  studies  is  chosen.  Thus,  if  the  spectral 
shape  can  be  sufficiently  resolved  or  if  it  can  be  sampled  in  such  a  way  as  to  detect  the 
features  which  are  most  temperature  sensitive,  then  a  temperature  can  be  deduced. 

Regardless  of  the  approach  chosen,  it  is  absolutely  essential  that  some  means  be  pro¬ 
vided  to  distinguish  between  the  portion  of  the  observed  signal  that  is  due  to  the  desired 
Raman  scattering  and  that  which  arises  from  other  effects  such  as  fluorescence,  radiation 
from  hot  particles  (i.e.,  soot),  and  other  spurious  sources.  This  is  probably  the  single 
most  significant  impediment  to  making  accurate  measurements  using  a  Raman  technique.  This  is 
true  for  both  the  spontaneous  Raman  techniques  as  well  as  for  the  coherent  Raman  techniques 
such  as  coherent  anti-Stokes  Raman  scattering  (CARS)  spectroscopy  wherein  the  onset  of  addi¬ 
tional  Raman  and  other  interferring  phenomena  produce  "background"  signal  levels  for  which  an 
accounting  must  be  made  [32]. 

The  merits  of  one  approach  compared  to  another  is  not  of  concern  here  except  that  it  is 
suggested  that  such  comparisons  deal  in  "trade-offs. "  That  is,  to  gain  an  advantage  in  one 
area,  a  loss  of  something  invariably  arises  in  another  area. 

The  following  three  sections  outline  the  method  of  calculating  the  theoretical  Raman 
spectra,  the  procedure  used  to  fit  the  theoretical  spectra  to  the  experimental  spectra  to 
obtain  temperatures,  and  the  method  of  determining  certain  important  parameters. 
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3. 3. 3.1  Calculation  of  Raman  spectra 

In  the  studies  presented  here,  the  Stokes  vibrational-rotational  Raman  spectrum  of  the 
gas  present  in  the  combustion  plume  of  the  engine  was  scanned  and  recorded,  point  by 
point.  The  strength  of  this  approach  is  in  the  complete  theoretical  description  of  the  spon¬ 
taneous  Raman  scattering  of  that  is  available  (see  Section  3.3.2. 1).  That  is,  we  can 
calculate  the  spectrum  quite  accurately  for  any  temperature.  The  weakness  of  this  approach 
is  that  the  observed  zone  must  remain  in  a  steady-state  for  a  time  period  long  enough  to 
permit  the  spectrum  to  be  scanned.  In  these  studies,  this  period  was  usually  five  to  eight 
minutes.  Experience  with  this  engine  indicated  that  this  time  period  was  sufficiently  short 
to  permit  the  steady-state  assumption  to  be  reasonably  valid.  Thus,  the  approach  used  here 
was  to  find  the  temperature  for  which  the  calculated  spectrum  gave  the  "best  fit"  to  the 
observed  spectrum. 

The  observed  wavelength  of  a  Stokes  Raman  line,  \  due  to  an  incident  laser  beam  of 
wavelength  can  be  written  as 


A  =  (A"1  -  v  )_1 
r  L  r ' 

02) 

wi  th 

-  [E(v 1 , J  * )-E(v,J)]/hc, 

(13) 

where  E(v',  J 1 )  and  E(v,  J)  are,  respectively,  the  energies  of  the  final  and  initial  states 
of  the  transition  (see  fig  7),  h  is  Planck's  constant,  c  is  the  speed  of  light,  and  is  in 
units  of  cm  '.  The  energies  are  made  up  of  a  sum  of  the  vibrational  and  rotational  contri¬ 
butions  [26,27,28].  The  first  and  second  order  terms  of  the  vibrational  part  plus  the  first 

O 

order  term  of  the  rotational  energy  were  found  to  give  sufficient  accuracy  (■'■0.02  A)  for 
these  calculations. 

The  Raman  scattering  efficiency,  c,  can  be  defined  as  the  observed  photoelectron 
count  rate,  NR,  divided  by  the  incident  laser  power,  P.  (photons/s).  For  a  given  scattering 
geometry  and  a  scattering  molecule  in  a  state  given  by  J  and  v,  the  efficiency  becomes 

e  Nr/P  <x  n  q‘(*r)  sj j .  (v+1  )Ar4,  (14) 

where  J1  is  the  final  rotational  state  quantum  number,  n  is  the  population  of  molecules  in 
the  state  given  by  v  and  J,  r)'(A  )  is  the  quantum  efficiency  of  the  detection  system  at 
A  ,  and  S j  j ,  is  the  rotational  strength  factor  [26],  The  strength  factor  is  a  function  of 
J  and  it  derives  from  three  expressions,  one  each  for  the  0  branch,  (AJ  =  -2),  the  Q 
branch,  (AJ  =  0),  and  the  S  branch,  (AJ  =  +2).  For  a  simple  homonuclear,  diatomic  molecule, 
these  expressions  depend  only  on  the  polarizations  of  the  incident  and  scattered  light  and 
on  the  nuclea*’  spin  These  expressions  and  their  use  are  given  in  references  [26,27,28], 

Assuming  that  the  observed  medium  is  in  thermal  equilibrium,  the  molecular  population  n 
in  the  initial  level  of  a  transition  is  related  to  the  concentration  of  the  molecular 
species,  n  ,  being  probed  through  a  Boltzmann  factor.  We  have 
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(15) 


nocno(2J+l)exp[-1.43879E(v,J)/T], 

where  E(v,  J)  is  the  energy  of  the  level  in  cm  '  measured  relative  to  the  v  =  0,  J  =  0  level, 
and  T  is  the  absolute  temperature  in  K.  By  accounting  for  various  characteristics  of  the 
experimental  setup,  the  intensity  profile  of  a  Raman  spectrum  was  calculated  for  a  specific 
temperature  using  eqs.  (14)  and  (15)  and  compared  to  the  observed  spectrum.  An  iterative 
procedure  was  used  to  find  the  best  match-up  between  the  observed  and  calculated  spectra 
thereby  providing  the  temperature. 

3. 3. 3. 2  Computer  fitting  procedure 

The  technique  used  to  determine  the  "best  fit"  is  the  method  of  non-linear  least  squares 
and  comes  under  the  general  name  of  multiple  regression  analysis.  The  measure  of  goodness  of 
fit  used  is  the  quantity  chi-square  given  by 

N 

x2  =  ^  [Cy,-  -  y^)]2/^2],  (16) 

i=l 

2 

where  a.,  are  the  variances  in  the  observed  data  values  y^ ,  y(X-1-)  are  the  calculated  values  of 

the  Raman  spectrum  at  the  wavelengths  A.. ,  and  N  is  the  number  of  spectral  positions  recorded. 

In  general,  the  observed  spectrum  depends  on  a  set  of  parameters  any  subset  of  which  can 

become  free  variables  in  any  particular  sequence  of  measurements.  For  the  measurements 

reported  here,  the  free  parameters  were  temperature,  the  background  signal  level  and  slope, 

2 

and  the  wavelength  correction.  A  computer  program  was  developed  which  minimized  x  with 

respect  to  the  chosen  set  of  parameters  by  an  iterative  search  process.  All  that  was  required 

was  that  a  set  of  reasonable  starting  values  be  provided.  The  program  determined  the  best 

fit  and  generated  standard  errors  for  each  fitted  parameter.  These  errors  were  derived  from 

calculations  that  effectively  characterized  the  size  and  shape  of  the  minimum  in  the  hyper- 

2 

surface  that  was  defined  by  the  functional  dependence  of  x  on  the  free  parameters.  Hence, 
the  errors  in  effect  specify  how  well-defined  the  minimum  was  with  respect  to  the  corre¬ 
sponding  parameter. 

One  of  the  more  interesting  problems  that  arose  in  the  search  for  an  efficient  least- 
squares  fitting  computer  routine  [34]  was  that  certain  parameters  when  made  free  showed  a 
high  degree  of  correlation.  For  example,  the  correlation  coefficient  between  the  laser- 
induced  background  and  the  temperature  was  typically  between  0.4  and  0.7.  Some  fitting 
routines  were  found  to  be  unable  to  find  the  best  fit  with  such  correlations.  The  program 
used  in  this  work  was  derived  from  the  program  CURFIT  [33].  Its  speed  and  accuracy  in 
handling  correlated  parameters  when  used  with  a  CDC  6600  computer  has  been  satisfactory  to 
date. 

The  digital  data  values  recorded  during  a  measurement  were  on  an  arbitrary  scale  set  by 

.  2 
the  apparatus  as  described  in  Section  3. 3. 1.4.  In  order,  to  make  the  calculations  of  x  and 


the  parameter  errors  numerically  correct,  it  was  necessary  to  determine  the  average  number  of 

observed  counts  per  photoelectron.  Weak  processes  such  as  light  scattering  follow  Poisson 

statistics  [33],  wherein  the  variance  of  the  count  value  is  equal  to  the  count  value.  It 

was  found  for  the  PMT  voltages  used,  about  250  counts  corresponded  to  one  photoelectron. 

Since  the  dynamic  range  of  our  detection  apparatus  was  about  1250  observed  counts  per 

laser  pulse,  we  observed  up  to  five  photoelectrons  from  each  laser  pulse.  If  the  combined 

efficiency  of  the  optics,  spectrometer ,  and  PMT  was  10  percent,  then  this  amounts  to  a 

maximum  of  50  scattered  photons  per  laser  pulse. 

The  spectrum  calculations  and  the  computer  fits  were  performed  on  the  photoelectron 

values  of  the  data.  This  insured  that  the  variances  in  eq.  (16)  were  statistically  related 

to  the  data  values.  Since  the  variances  weight  the  individual  observed  calculated  dif- 

2 

ferences  in  eq.  (16),  their  values  determine  the  magnitude  of  x  which,  in  turn,  fixes  the 

2 

magnitudes  of  the  parameter  errors.  The  value  of  x  reflects  both  the  degree  of  agreement 

between  the  functional  forms  of  the  calculated  and  observed  spectra  and  the  amount  of 

2 

fluctuation  or  noise  in  the  data.  A  useful  quantity  is  the  reduced  chi-square,  x  , 

2  r 
which  is  x  divided  by  the  number  of  degrees  of  freedom  (N  minus  the  number  of  free  para- 

2 

meters).  The  ideal  value  for  xr  is  1.0;  however,  in  practice,  values  <  1.5  are  acceptable 

[33],  Except  for  (1)  the  low  temperature  (-1000  K)  spectra  where  the  approximations  in 

the  slit  function  were  visible  in  the  fit,  and  (2)  the  spectra  having  high,  and  therefore 

2 

noisy,  backgrounds,  the  x  values  obtained  satisfied  this  criterion.  With  one  exception, 

2 

the>  v  values  for  all  the  Raman  fits  renorted  here  were  <2.0. 

Ar 

3. 3. 3. 3  Determination  of  fixed  parameters 

In  order  to  perform  the  computer  fit  described  in  the  previous  section,  it  was  ne  i 
sarv  to  computationally  duplicate  the  integrating  effect  of  me  wide  spectrometer 

O 

.  ed  plus  *  e  ■  1  a  widtt  >1  the  incident  laser  ‘light  on  the  dense  line  spectrum  described 

in  Section  3.3.2.  This  was  done  by  determining  the  effective  overall  slit  function.  This 

function  had  to  be  known  in  order  that  the  theoretical  spectrum  determined  fo^  a  minimum 
2 

X  was  calculated  under  conditions  that  had  a  one-to-one  correspondence  to  t.he  conditions 
under  which  the  experimental  spectrum  was  obtained 

ever  i  i  approaches  to  determining  the  slit  function;  however,  because  of 
its  large  width  relative  to  the  spacing  of  the  individual  lines  in  the  N.,  Raman  spectrum, 
it  was  possible  to  great  I v  .implify  t.he  required  calculations  hy  approx imat i ng  the  effec¬ 
tive  slit,  function  as  a  trapezoid  such  as  shown  in  figure  8  where  the  top  and  bottom 
dimensions  were  determined  operationally.  This  was  accomplished  by  fitting  the  parameters 
of  the  trapeze  dal  slit  function  to  the  Raman  spectrum  of  N,  in  room-temperature  air  using 
the  same  slit  settings  that  were  u  ed  with  the  engine  measurements.  The  N,  Raman  tran¬ 
sitions  at  room  temperature  ranges  up  to  J  15  to  20  in  the  Q  branch  which  spans  a  range  of 

o  o 

less  than  0.1  A  with  33/1  A  excitation.  Thus,  the  observed  shape  of  the  room- temperature 
Raman  Q  branch  "line"  is,  in  effect,  the  effective  slit  function. 
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The  spectrometer  was  operated  in  third  order  with  entrance/middle/exit  slit  dimen¬ 
sions  of  1.0  mm/1.5  mm/1.0  mm.  The  trapezoidal  slit  function  fitted  to  the  room  temper- 

O 

ature  data  had  a  slit-bottom  half  width  of  1.481  ±  0.026  A  and  a  slit  top-to-bottom  width 
ratio  (ST/BWR)  of  0.121  ±  0.038.  This  gave  a  full  width  at  half-maximum  (FWHM)  of  1.660  + 
0.062  A. 

The  importance  of  the  careful  determination  of  a  valid  effective  slit  function  can  be 
seen  in  a  study  [35]  of  the  dependence  of  the  fitted  temperature  on  the  two  slit  para¬ 
meters  with  all  other  parameters  held  fixed.  It  was  found  that  the  temperature  shifted  up 
about  2.5  K  for  a  10  percent  increase  in  ST/BWR  while  a  downward  shift  of  about  31  K 
occurred  for  a  10  percent  increase  in  the  FWHM.  Clearly,  the  opportunities  for  accumu¬ 
lation  of  systematic  errors  are  significant  in  a  circumstance  such  as  this  one  where  a 
number  of  parameters  are  correlated.  The  point,  of  course,  is  that  there  are  many  "good" 
fits  possible  to  a  given  set  of  data  depending  on  which  parameters  are  permitted  to  be 
free.  Therefore,  to  obtain  the  "correct"  fit,  it  is  necessary  to  minimize  the  number  of 
free  parameters  while  choosing  values  for  the  fixed  parameters  that  can  be  justified  on 
physical  grounds  (i.e.,  on  measurements). 

As  the  result  of  the  sensitivity  to  the  slit  parameters,  an  additional  complication 
was  brought  on  by  the  intense  vibrations  induced  in  the  spectrometer  by  the  engine  as 
discussed  in  Section  5.  The  observed  value  of  FWHM  increased  by  ~5  percent  while  ST/BWR 
decreased  by  ^20  percent  when  the  engine  power  was  increased  from  the  minimum  afterburning 
(A/B)  condition  to  the  maximum  A/B  condition.  From  the  above-mentioned  study  [35],  both 
of  these  changes  would  shift  the  fitted  temperature  upwards  if  constant  slit  parameters 
equal  to  the  room-temperature  values  were  used.  The  shift  was  found  to  be  ~20  K.  The 
slit  parameters  were  varied  in  a  linear  way  with  engine  A/B  power  between  the  minimum  and 
maximum  A/B  power  values  in  order  to  correct  for  this  bias. 

For  the  most  part,  the  scattering  by  a  diatomic  molecule  is  isotropic  (viz. ,  the  so- 
called  "trace"  scattering).  That  is,  the  scattering  follows  the  electric  dipole  induced 
by  the  oscillating  electric  field  (i.e.,  the  polarization)  of  the  incident  wave.  The 
intensity  due  to  trace  scattering  1^  is  the  primary  contribution  to  the  Q  branch.  Oue  to 
the  molecule's  non-spherical  shape,  there  is  also  an  anisotropic  part  to  the  polar¬ 
izability  which  not  only  contributes  a  small  amount  to  the  Q  branch  intensity  but  also 
determines  the  strength  of  the  0  and  S  branches.  This  anisotropic  part  produces  a  scatter 
ing  intensity  1^  that  contains  a  portion  which  is  polarized  perpendicular  to  the  incident 
polarization.  Thus,  the  total  intensity  of  the  Q  branch  can  be  operationally  defined  as  I,. 
+  bl^  where  b  is  a  small  fraction  which  accounts  for  the  polarization  properties  of  the 
optical  system  (viz.  ,  the  laser  beam  and  the  spectrometer). 

Ordinarily,  it  is  sufficient  to  calculate  only  the  Q  branch  contributions  [30,31]; 
however,  in  our  case  it  was  found  necessary  to  deal  with  an  additional  feature.  Scans  of 

O 

the  scattered  laser  light  at  3371  A  (Rayleigh  scattering)  revealed  that  the  laser  emission 

O 

included  a  weak  "hot-band-type"  line  at  about  3367  A.  The  strength  of  this  "spurious" 
emission  line  was  about  2  percent  of  the  "Rayleigh"  peak.  Since  the  Raman  scattering  from 

O 

this  peak  nearly  coincides  with  the  first  hot  band  in  the  N?  Raman  spectrum  of  the  3371  A 
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laser  line,  it  was  necessary  to  measure  it  accurately  and  to  include  it  in  the  calcu¬ 
lations.  This  was  accomplished  by  recording  the  ^  Raman  spectrum  of  room  air  over  large 

portions  of  the  0  and  S  branches  as  well  as  the  Q  branch.  A  signal  range  of  over  1000:1 
was  recorded  by  operating  the  PMT  at  two  voltages  and  recording  the  three  branches  using 
overlapping  spectra.  The  calculated  spectrum,  including  the  spurious  line,  was  fitted  to 
this  observed  spectrum.  The  fractional  contribution  of  specified  by  b,  the  spurious 
line  height,  and  the  line's  position  were  made  free  parameters  along  with  the  slit  para¬ 
meters.  By  means  of  a  series  of  fittings,  the  best  fit  of  these  parameters  was  obtained. 
The  value  of  b  was  found  to  be  0.174  ±  0.016  with  the  spurious  line  shifted  down  by  4.713 

O 

±  0.036  A  with  a  strength  ratio  relative  to  the  main  line  of  0.0203  ±  0.0012.  The  value 

of  b  is  acceptably  close  to  the  value  of  0.156  predicted  for  unpolarized  laser  light  and 

polarization  insensitive  detection  [27,36]. 

A  linear  background  was  added  to  the  calculated  spectrum  described  above.  The  para- 

O 

meters  for  this  background  were  the  intercept  at  3657  A  and  the  slope.  These  two  para¬ 
meters,  the  temperature,  and  a  wavelength  correction  parameter  were  made  free  parameters 
in  the  fitting  procedure.  All  the  calculations  included  the  0  and  S  branch  contributions, 
the  strengths  of  which  relative  to  the  Q  branch  were  fixed  by  the  constant  b.  However, 
several  of  these  calculations  were  repeated  with  b=0,  and  it  was  found  that  the  fitted 
background  increased  slightly  while  the  fitted  temperature  decreased.  The  temperature 
decrease  ranged  from  about  0.8  percent  at  ^800  K  to  0.2  percent  at  ^1600  K.  These  results 
suggest  that  in  many  cases  the  anisotropic  part  of  scattering  can  be  neglected. 


5.2  Raman  data 


Examples  of  the  recorded  Raman  spectra  are  presented  in  figures  11  and  12.  The  data 
in  figure  11  are  plotted  on  logarithmic  scales  in  order  to  reveal  the  character  of  the  low 
date  values  on  either  side  of  the  main  peak.  Note  the  beginning  of  the  0  and  S  branches 
in  the  "Military"  scan  and  the  absence  of  these  features  in  the  low  afterburner  (A/B) 
spectrum.  In  figure  12,  the  data  are  plotted  on  linear  scales.  The  A/B  data  shown  in 
figure  11  were  included  to  aid  comparisons  between  the  three  power  conditions.  The  onset 
of  the  second  hot  band  is  seen  in  the  4000  Ib/hr  A/B  spectrum.  The  noise  due  to  the  high 
background  in  the  1775  Ib/hr  data  (nearly  three  times  the  Raman  hot  band)  compared  to  the 
4000  Ib/hr  data  is  clearly  evident.  The  fit  of  the  calculated  curves  shown  in  the  two 
figures  are  typical  of  all  the  Raman  data  reported  here. 
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Figure  11.  Observed  (points)  and  fitted  theoretical  (solid  lines)  spectra  of  the 
Q  branch  Raman  transitions  on  logarithmic  scales  for  the  Military  (left)  and  1775 
lbs/hr  afterburner  power  (right)  conditions  of  the  J85-5  engine  obtained  in  March 
1977. 


The  July  data  are  presented  in  table  II  along  with  the  temperatures  measured  simul¬ 
taneously  with  the  gas  sampling  probe  and  reported  in  table  I.  The  March  data  are  given 
in  table  III.  The  engine  F/A  ratios  given  in  table  III  permit  a  comparison  of  the  Raman 
temperature  with  the  gas-sampling-probe  temperatures  obtained  from  the  July  tests. 
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TABLE  II.  Summary  of  Raman  Data  from  July,  1977  Tests. 
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Figure  12.  Observed  (points)  and  fitted  theoretical  (solid  lines)  spectra  of  the 
^  Q  branch  Raman  transitions  on  linear  scales  for  the  1775  lbs/hr  (left)  and 
4000  Ibs/hr  (right)  afterburner  power  conditions  of  the  J85-5  engine  obtained 
in  March  1977. 


5.2.1  Background  signals 

The  Raman  temperature  values  and  the  fitting  errors  obtained  from  the  March  and  July 
tests  were  in  good  accord  with  each  other  and  with  the  gas  sampling  probe  data.  However, 
the  similarity  ends  there.  As  table  III  shows,  the  March  data  has  a  well-defined  trend  in 
the  laser-induced  background  signals  and  slopes.  This  is  consistent  with  the  uninterrupted 
sequence  in  which  ten  out  of  the  twelve  runs  were  carried  out.  In  the  July  tests,  a  large 
variability  in  the  background  signals  and  slopes  was  recorded.  Some  of  these  features  are 
apparent  in  table  II.  For  example,  the  background  signal  drops  sharply  and  the  slope  re¬ 
verses  sign  at  the  3000  Ib/hr  A/B  condition.  Also,  run  T6B/07/14/77  shows  an  extraordinarily 
high  background  relative  to  the  Raman  hot  band  signal,  especially  for  the  Max  A/B  condition. 
High  backgrounds  occurred  at  other  engine  conditions  too,  but  the  data  were  too  noisy  to 
give  viable  fits.  There  is  no  clear  basis  for  understanding  why  the  two  tests  had  such  a 
different  character.  The  gas  sampling  probe  data  did  not  have  any  characteristics  which 
could  account  for  these  differences.  Although  speculations  can  be  made  to  explain  the 
data,  it  is  suffice  here  to  suggest  that  the  laser-induced  background  signal  carries 
information  concerning  the  engine  operation  which  is  not  commonly  accessible. 

The  laser-induced  background  signal  was  the  most  intense  at  low  afterburning  (A/B) 
conditions  and  decreased  rapidly  as  the  A/B  power  was  increased.  For  example,  as  the  fuel 
flow  to  the  afterburner  was  increased  from  2000  lb/hr  to  3000  lb/hr,  table  II  shows  that 
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the  ratio  of  the  laser-induced-background  signal  to  the  Raman-hot-band  signal  decreased 
from  about  two  to  about  0.3.  From  table  I,  the  total  hydrocarbon  concentration  also 
decreased  from  about  1600  ppm  to  200  ppm  with  the  static  temperature  increased  from  about 
1200  to  1400  K.  We  believe  this  behavior  signifies  that  the  laser-induced  background 
signals  observed  in  this  study  were  due  to  fluorescence  from  unburned  hydrocarbons.  Laser- 
induced  soot  incandescence  was  unlikely  because  this  engine  generated  very  little  soot 
[3].  Also,  the  laser  intensity  in  the  focal  volume  was  quite  low  which  from  the  work  of 
Eckbreth,  et  al.  [11]  suggests  that  soot  incandescence  did  not  make  strong  contributions 
to  the  backgrounds  in  our  runs. 

The  non-laser-induced  background  signal  was  essentially  constant  during  each  scan. 

The  values  given  in  tables  II  and  III  resulted  from  averaging  over  each  scan.  Presumably, 
this  signal  comes  from  the  luminosity  of  the  plume  since  it  follows  the  expected  trend. 
Namely,  the  higher  the  temperature  the  greater  is  the  emission  at  short  wavelengths,  and 

O 

hence,  the  greater  the  non-laser-induced  signal  in  the  3646-3664  A  region  scanned  in  these 
studies.  Again,  the  March  values  were  larger,  by  about  a  factor  of  two  for  equivalent 
conditions,  than  the  July  values  for  no  apparent  reason. 

5.2.2  Inaccurate  background  measurements 

A  precise  determination  of  the  laser-induced  background  levels  on  both  sides  of  the 
spectrum  was  important  for  all  A/B  conditions.  Without  adequate  pinning  of  the  background 
on  both  sides  of  the  spectrum,  the  apparent  strength  of  the  hot  band  can  vary  widely, 
easily  ±30  percent.  This  occurs  when  the  computer  search  fits  a  background  that  is  shifted 
either  too  high  or  too  low.  When  this  happens,  there  is  a  negatively  correlated  shift  in 
the  fitted  temperature.  The  result  is  that  the  fitted  temperature  is  in  error  by  as  much 
as  10  percent.  An  example  of  this  effect  is  the  T2A/07/11/77  run  in  table  II.  The  fitted 
temperature  is  clearly  10  percent  low  while  the  laser- induced  background  is  about  a  factor 
of  two  higher  than  the  other  values  at  the  4000  lb/hr  A/B  condition.  In  addition,  the 
standard  deviation  (S.D.)  values  for  the  background  signal  and  slope  are  very  high.  This 
scan  was  incomplete  in  that  it  was  short  (36  points),  and  it  was  cut  off  before  the  high 
wavelength  background  was  scanned.  Thus,  by  comparisons  with  the  other  data,  it  is  appar¬ 
ent  that  the  low  temperature  and  its  high  standard  deviation  (S.D.)  as  well  as  the  unusual 
background  parameter  and  S.D.  values  resulted  from  a  lack  of  well  defined  background  data 
on  both  sides  of  the  Raman  spectrum.  This  run  was  retained  in  the  data  set  to  provide  an 
illustration  of  this  problem  area. 

Another  likely,  but  somewhat  more  subtle  example  of  the  problem  of  pinning  the  back¬ 
ground  is  run  T3B/07/12/77  in  table  II.  None  of  the  measured  or  fitted  values  for  this 
run  by  themselves  suggest  a  problem.  However,  only  39  points  were  used  in  the  scan.  This 
would  not  be  a  problem  if  the  background  signal  was  small,  as  in  the  last  two  Max  A/B  runs 
in  tne  table.  It  is  evident  from  the  other  data  that  the  fitted  temperature  is  10  percent 
too  high.  As  it  turned  out.  only  two- background  data  points  were  obtained  on  the  high 
wavelength  side  of  the  Raman  spectrum  with  four  points  on  the  low  side.  With  so  few 
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points,  the  background  signal  was  inadequately  determined.  Although  a  good  fit  was 
obtained,  the  fitted  temperature  was  incorrect  because  the  statistical  fluctuations  in  the 
background  signal  were  not  averaged  out  over  a  sufficient  number  of  points. 


5.2. 3  Error  analysis 

The  errors  in  the  Raman  temperatures  were  mainly  comprised  of  contributions  from  the 
measuring  apparatus  and  from  the  analysis  of  the  data.  The  errors  in  the  measured  variables, 
signal  strength  and  wavelength,  were  quite  small.  The  wavelength  errors  were  generally 

o 

within  ±0.05  A,  and  therefore,  were  negligible  because  of  the  wide  slits  used  in  these 
studies.  The  performance  and  use  of  the  detection  apparatus  is  discussed  in  Section 
3. 3. 1.4.  Clearly,  a  nonlinearity  in  the  response  of  the  apparatus  would  introduce  a  bias 
error  in  the  fitted  temperature.  The  response  became  slightly  nonlinear  below  about  25 
counts/pulse  (c/p)  such  that  the  measured  value  was  high.  This  increased  the  recorded 
weak  background  levels  obtained  with  the  Military  engine  condition  thereby  lowering  the 
recorded  strength  of  the  weak  hot  band.  This  shifted  the  fitted  temperatures  low  for  the 
Military  condition.  Comparison  of  these  temperatures  with  the  probe  values  in  table  II 
shows  a  shift  of  about  4  percent.  For  the  remaining  runs,  this  nonlinearity  introduced 
only  slight  errors  in  the  fitted  background  signals  and  did  not  affect  significantly  the 
temperatures  because  of  the  high  background  or  hot  band  signals,  or  both. 

There  were  two  kinds  of  errors  in  the  analysis  of  the  data.  There  were  bias  errors 
that  arose  in  the  fitting  procedure  which  resulted  from  various  approximations  that  were 
made  to  simplify  the  analysis  of  the  data  and  bias  errors  that  could  occur  due  to  the 
large  Raman  scattering  volume.  Also,  there  were  the  errors  due  to  the  statistical  fluctua¬ 
tions  in  the  data.  The  bias  errors  in  the  fitting  procedure  and  the  scattering  volume  are 
described  in  Sections  3.3.3  and  3.3. 1.2.  If  these  bias  errors  were  adequately  considered 
in  our  computations,  and  if  the  theoretical  description  of  the  Raman  spectrum  used  in 
this  work  was  sufficiently  accurate,  then  the  fitting  errors  in  the  temperature  given  in 
tables  II  and  III  for  the  A/B  power  conditions  characterize  the  accuracy  of  this  approach 
to  Raman  thermometry. 

One  half  or  more  of  the  temperature  fitting  error  for  an  A/B  condition  was  due  to  the 
noise  associated  with  the  background.  A  dramatic  example  of  this  is  the  first  Max  A/B  run 
in  table  II  (TGB/07/14/77) .  This  run  had  a  laser-induced  background  that  was  about  10 
times  higher  than  the  remaining  Max  A/B  runs  which  more  than  doubled  the  S.D.  in  the 
temperature  fit. 

This  dependence  of  the  fitting  error  on  the  background  was  revealed  in  a  more  general 
way  by  using  the  fact  that  the  hot-band-to-mai n-peak  ratio  was  a  linear  function  of 
temperature  [37]  for  our  choice  of  slit  function.  Thus,  if  V  is  this  ratio,  then 

V=m(T-T0),  (17) 
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where  m  is  the  slope  and  TQ  is  the  temperature  intercept.  From  eq.  (17),  the  temperature 
error  is  given  by 


aT  =  (°V/V)  '  V-  08) 

By  applying  eq.  (18)  to  the  March  data  in  table  III  and  adjusting  the  calculation  to  make 
o-p  on  the  average  equal  to  the  fitting  errors  in  table  III,  the  contributions  of  the 
background  to  the  temperature  errors  were  revealed.  The  results  of  these  calculations  are 
shown  in  figure  13.  These  curves  are  presented  only  to  illustrate  this  characteristic 
dependence  of  the  temperature  error  on  the  background  signals.  Since  the  signal-to-noise 
ratio  is  proportional  to  the  square  root  of  the  time  interval  over  which  the  signal  is 
recorded,  then  a  longer  scan  time  will  give  a  smaller  error.  However,  the  probed  medium 
must  remain  steady  during  this  longer  scan.  In  our  case,  this  meant  that  the  engine 
performance  had  to  be  repeatable  throughout  the  test  sequence.  We  found  it  difficult  to 
achieve  this  in  blocks  of  time  greater  than  four  days.  Thus,  our  scan  times  were  in¬ 
directly  influenced  by  the  constraints  set  by  the  number  of  runs  planned  and  the  number  of 
days  available  for  the  runs. 


Fua  10  R1R  ROT  10 


Figure  13.  Temperature  error  analysis  of  the  March  1977  Raman  data  calculated  from 
the  linear  dependence  of  the  first-hot-band-to-main-peak  ratio  on  the  temperature 
for  the  ten  afterburner  conditions.  The  curves  are  best  fits  to  the  data  points 
shown. 
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5.2.4  Vibration  problem 


Initially,  the  plans  were  to  record  both  the  Stokes  and  anti-Stokes  spectra  and  to 
obtain  the  temperature  from  these  measurements.  The  spectrometer  was  equipped  with  first- 

O 

order  gratings  blazed  at  3000  A  and  calibrated.  The  Raman  spectra  of  N0  occur  at  3658  and 
o  o  z 

3125  A  for  an  excitation  wavelength  of  3371  A.  However,  as  the  engine  power  was  increased, 
the  Stokes  and  anti-Stokes  spectra  of  ^  dropped  in  intensity  and  broadened  in  wavelength. 
To  identify  the  problem,  the  spectrum  of  a  mercury  lamp  placed  on  the  table  supporting  the 
spectrometer  was  recorded  for  different  engine  operating  conditions.  As  the  engine  power 
was  increased,  vibration  of  the  linkage  between  the  two  gratings  of  the  spectrometer  also 
increased  causing  the  gratings  to  vibrate  about  their  rotational  axes.  This  caused  the 
image  on  the  third  (output)  slit  to  sweep  back  and  forth  creating  the  observed  effect. 

Every  effort  was  made  to  reduce  the  vibration  of  the  spectrometer  but  it  was  to  no  avail. 

O 

The  recorded  spectra  of  the  3125  A  line  of  mercury  as  affected  by  this  vibration  are 
shown  in  figure  14  (a),  (b),  and  (c).  Because  the  spacing  between  the  main  peak  of  the  N0 
Stokes  spectrum  and  the  first  hot  band  is  3.6  A,  it  was  desirable  to  use  slit  widths  that 

O 

give  a  spectral  resolution  of  2.0  A  or  less.  With  the  first  order  gratings,  this  cor¬ 
responded  to  333  pm  wide  slits.  However,  judging  from  the  amount  of  engine- induced 
broadening  shown  in  figure  14  (c),  the  effective  amplitude  of  the  vibration  at  the  exit 
slit  was  between  100  and  200  pm.  This  loss  of  spectral  resolution  made  it  untenable  for 
us  to  proceed  with  the  first-order  gratings. 

The  solution  to  the  vibration  problem  was  to  change  to  third  order  gratings.  This 
permitted  the  slits  to  be  increased  by  a  factor  of  three  to  1000  pm  thereby  greatly 

O 

reducing  the  influence  of  the  vibration.  However,  because  of  the  3333  A  blaze  of  these 
gratings,  only  the  Stokes  spectrum  could  be  efficiently  recorded  which  meant  that  the 
temperature  had  to  be  extracted  from  the  profile  of  this  spectrum.  The  spectra  of  the 

O 

3125  A  line  of  mercury  using  the  third-order  gratings  are  shown  in  figure  14  (d),  (e),  and 
(f)  as  a  function  of  engine  power.  Clearly,  the  vibration-induced  broadening  is  quite 
small  compared  to  figure  14  (c).  The  effect  of  this  residual  broadening  and  the  procedure 
followed  to  correct  for  it  are  described  in  Section  3. 3. 3. 3. 


41 


o 

Figure  14.  Spectral  line  shapes  of  the  3125  A  line  from  a  mercury  lamp  resulting 
from  engine- induced  vibrations.  The  upper  curves,  (a),  (b),  and  (c),  were  obtained 
with  the  first  order  gratings  and  333  pm/500  pm/333  pm  slits.  The  lower  curves, 
(d),  (e),  and  (f),  were  obtained  with  the  third  order  gratings  and  1000  pm/1500 
pm/1000  pm  slits.  The  measured  full  widths  at  half  maximum  are  given  for  each 
curve. 


6.  Summary  and  Conclusions 

The  objective  of  this  study  was  to  assess  the  feasibility  of  using  spontaneous  Raman 
scattering  to  measure  temperatures  in  the  plume  of  an  afterburning  J85-5  turbojet  engine. 
This  assessment  required  Raman  spectral  measurements  of  sufficiently  good  quality  to 


permit  temperature  determinations  and  confirmation  that  the  temperatures  were  correct 
within  reasonable  error  limits.  Our  basic  approach  was  to  use  gas  sampling  as  a  standard 
technique  to  be  compared  with  the  Raman  technique.  Simultaneous  gas  sampling  and  Raman 
measurements  were  made  at  about  the  same  time  and  axial  location  in  the  plume  (114  cm  from  i] 

nozzle  exit  plane)  and  for  different  engine  afterburning  conditions.  Additional  gas 
sampling  measurements  were  made  later  in  the  test  program  and  thermocouple  measurements 
were  also  made.  The  simultaneous  measurements  were  directly  compared.  All  the  measurements 


were  then  compared  by  plotting  temperature  rise  versus  engine  fuel-air  ratio.  The  con¬ 
clusions  from  these  measurements  are  summarized  below: 

(1)  Our  gas  sampling  measurements  and  those  made  by  Lyon,  et  al.  [3],  for 

nearly  the  same  test  conditions,  agreed  within  an  experimental  error  of  less  than  5 
percent.  This  established  our  confidence  for  using  gas  sampling  as  a  standard  tech¬ 
nique.  I 

(2)  Raman  ^  Q  branch  ipectra  were  obtained  with  sufficient  resolution  to 
permit  temperature  measurements  over  the  entire  operating  range  of  the  afterburner. 

The  temperatures  were  determined  by  fitting  theoretical  spectral  profiles  to  experi¬ 
mental  data.  This  technique  for  obtaining  temperatures  provided  all  the  information 
essential  for  estimating  the  probable  errors  associated  with  the  Raman  temperature 
measurements . 

(3)  The  error  in  the  Raman  temperatures  estimated  from  the  spectral-profile 
fitting  procedure  varied  between  about  1  percent  and  4  percent  depending  on  test  con¬ 
ditions.  These  errors  may  be  a  little  low  but  appear  reasonable  based  on  the  com¬ 
parisons  with  other  techniques. 

(4)  Simultaneous  Raman  and  gas  sampling  temperatures  agreed  within  experimental 
error  of  about  3  percent. 

(5)  Engine  static  temperature  rise  was  measured  by  Raman,  gas  sampling,  and 
thermocouple  techniques  over  an  engine  F/A  ratio  range  of  0.017  to  0.052.  A  plot  of 
these  data  versus  engine  F/A  ratio  showed  that  Raman  and  gas  sampling  measurements 
agreed  within  an  experimental  error  of  less  than  5  percent.  The  thermocouple  measure¬ 
ments  were  in  agreement  up  to  a  F/A  ratio  of  0.045.  At  higher  F/A  ratios,  the  ther¬ 
mocouple  measurements  were  significantly  below  the  temperatures  measured  by  the  other 
techniques.  We  believe  that  this  occurred  because  the  thermocouple  junction  was 
cooled  when  it  was  bent  towards  the  cooled  tip  of  the  probe  by  the  high  gas  velocities. 

(6)  The  non-laser-induced  background  was  not  a  serious  problem  for  these  experi¬ 
ments  because  of  the  low  duty  cycle  (5  x  10  provided  by  the  20  ns  time-gated  de¬ 
tection  electronics. 

(7)  The  laser-induced  background  was  the  most  serious  Raman-related  problem  en¬ 
countered  during  the  test  program.  It  was  the  primary  factor  that  determined  the  ac¬ 
curacy  of  the  temperature  measurements.  We  believe  that  the  background  was  due  to 
fluorescence  from  unburned  hydrocarbons  similar  to  that  observed  by  Leonard  [8]  and 
could  have  been  influenced  by  the  plume  temperature  as  suggested  by  Bailly,  et  al. 

[9]. 

The  uncertain  nature  of  the  laser-induced  background  raises  questions  about  whether 
our  Raman  system  could  be  used  to  measure  temperatures  at  other  locations  within  the 
afterburner  plume.  According  to  the  gas  sampling  measurements  made  by  Lyon,  et  al .  [3], 
the  total  hydrocarbon  concentrations  can  be  as  high  as  6000  ppm  at  the  engine  exit  plane 
and  the  static  temperatures  are  just  under  1300  K.  Under  these  conditions,  we  would 
expect  a  strong  laser-induced  background  signal.  Additional  experiments  are  needed  to 
determine  whether  Raman  temperature  measurements  can  be  made  in  this  environment. 
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SUMMARY 


This  interim  report  consists  of  a  review  of  the  perfor¬ 
mance  of  a  recently-modified  laser  Raman  scattering  (LARS) 
system  and  the  presentation  of  the  results  of  temperature 
measurements  carried  out  using  the  system.  A  pulsed 
nitrogen-gas  laser  with  an  unstable  resonator  provided  165 
mW  of  average  power  into  a  10  nsec  pulse  at  250  pps .  The 
detection  of  the  spontaneous  Raman  signal  was  by  means  of  a 
double  spectrometer,  an  8850  photomultiplier  tube  (PMT), 
and  gated  (20  nsec)  current  integration  of  the  PMT  pulses. 

The  digitized  signals  and  the  control  functions  were  handled 
by  a  dedicated  minicomputer.  The  entire  optical  system  was 
mounted  on  an  8-inch- thick,  research  grade  optics  table  145 
cm  square.  The  height  of  the  table  was  remotely  controlled 
via  the  computer  programming  to  permit  profile  measurements 
to  be  carried  out.  In  the  right-angle  (90°)  scattering  con¬ 
figuration,  sample  volumes  as  small  as  2  mm  square  by  about 
0.4  mm  thick  approximately  30  cm  from  the  system  were 
achieved.  Stability  and  resetability  of  the  vertical  posi¬ 
tion  of  the  table  was  in  the  range  of  ±0.1  to  0.2  mm. 

The  measurements  were  made  on  a  pre-mixed  flame  from  a 
capillary  burner  using  air-acetylene  and  air-propane  mix¬ 
tures  and  on  a  turbulent  diffusion  flame  in  a  10-inch 
diameter  combustion  tunnel  using  various  air  flow  rates  with 
natural  gas  (methane)  and  propane  fuels.  The  temperatures 
were  calculated  by  the  computer-fit  method  and  the  N-wavelength 
method.  In  the  computer-fit  method,  the  theoretical  spectrum 
corresponding  to  a  specific  temperature  was  found  which  best 
fit  (via  chi-square  minimization)  the  continuous-step  scan 
of  the  Stokes  Q-branch  spectrum  of  from  the  flame. 

The  IJ-waveleng th  method  used  the  fact  that  the  ratio  of  the 
first-hot-band  intensity  to  the  intensity  of  the  main  peak 
is  a  linear  function  of  temperature.  Thus,  a  minimum  of 
four  measurements,  two  to  determine  the  background  and  two 
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to  fix  the  total  intensities  at  the  wavelengths  of  the  first 
hot  band  and  the  main  peak,  were  sufficient  to  calculate  the 
temperature . 

Profile  measurements  made  on  the  capillary  flames  gave 
temperatures  up  to  1860°K  +  4.2%  with  propane  and  2200°K  + 
9.1%  with  acetylene.  The  acetylene  flame  produced  a  laser- 
induced  background  that  was  about  twice  the  Raman  hot-band 
intensity  while  the  background  from  the  propane  flame  was 
considerably  less. 

Forty-eight  sets  of  Raman  data  were  taken  over  a  wide 
range  of  operating  conditions  of  the  combustion  tunnel. 

Both  methods  were  used  to  calculate  the  temperatures.  The 
temperatures  ranged  from  1000  to  over  2000°K  with  an  average 
Poisson  standard  deviation  for  21  of  the  measurements  of 
about  4%.  The  remaining  uncertainties  averaged  18%  ranging 
from  8  to  as  high  as  95%  depending  on  the  level  of  the 
laser- induced  background.  This  background  was  determined  to 
be  due  to  fluorescence  with  an  approximate  lifetime  of 
20  nsec.  Temperature  measurements  were  made  in  highly  tur¬ 
bulent  regions  by  using  20  mm-long  sample  volumes  and  long 
(10  to  16  minute)  measurement  times.  Temperatures  were  suc¬ 
cessfully  determined  for  relatively  fuel-rich  conditions  in 
which  the  background  was  almost  ten  times  more  intense  than 
the  Raman  hot-band  intensity.  Typical  scans  of  the  laser- 
induced  and  the  non-laser- induced  background  spectra  are 
presented  and  analyzed.  Recommendations  for  future  studies 
with  the  LARS  system  which  cover  a  wide  range  of  topics  are 
also  offered. 
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SECTION  I 
INTRODUCTION 


The  original  laser  Raman  scattering  (LARS)  system  was 
developed  by  AVCO  Everett  Research  Laboratory  on  Air  Force 
Contract  No.  F33615-71-C-1875.  The  system  was  initially 
designed  for  making  field  measurements  of  emissions  in  jet 
engine  exhausts.’*'  Some  modif ications  to  the  LARS  system 
were  made  by  Computer  Genetics  Corporation  on  Air  Force 
Contract  No.  F33615-74-C-2023.  The  purpose  of  the  modifica¬ 
tions  were  to  improve  the  combustion  diagnostic  capabilities 
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of  the  LARS  system. 

The  main  objectives  of  the  current  program  were:  (1)  to 
make  LARS  measurements  on  the  combustion  plumes  of  an  after¬ 
burning  J85-5  turbojet  engine  and  various  other  combustors, 
(2)  to  implement  modifications  of  the  LARS  system  to  permit 
computer  control  of  the  vertical  position  of  the  sampled 
volume,  (3)  to  modify  and  update  the  performance  of  the 
system  to  permit  measurements  in  the  AFAPL  combustion  tunnel 
facility,  and  (4)  to  make  measurements  in  that  facility 
using  the  modified  LARS  system.  The  purpose  of  this  interim 
report  is  to  present  the  results  of  the  preliminary  measure¬ 
ments  made  on  the  combustion  tunnel  using  the  modified  LARS 
system. 

The  modified  LARS  system  consists  of  five  subsystems. 
These  are  the  optics  table,  the  laser,  the  signal  detection 
apparatus,  the  signal  processing  apparatus,  and  the  com¬ 
puter.  The  interconnections  between  these  subsystems  are 
illustrated  in  Figure  1.  The  optics  table  supports  the 
laser  head  and  the  signal  detection  apparatus  the  com¬ 
bination  of  which  makes  up  the  optical  transceiver  unit  that 
is  located  at  the  measurement  site.  The  signal  processing 
apparatus  and  the  computer,  the  latter  of  which  includes  the 
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Block  Diagram  of  the  Modif ied-LARS  System  Showing  the  Principal  Subsystems 


interface  boards  and  the  attendant  terminal,  are  located  in 
the  nearby  control  room. 

The  primary  modification  made  on  the  LARS  system  was  the 
addition  of  the  computer-controlled,  vibration-protected 
optics  table  which  permits  the  vertical  position  of  the 
sampled  volume  to  be  programmed  as  part  of  the  data- taking 
sequence.  In  order  to  handle  the  resulting  increased 
programming  requirements,  the  memory  of  the  Data  General 
Nova  1220  computer  was  increased  from  16K  to  32K  words. 

Other  hardware  modifications  include:  (1)  redesign  of  the 
laser-beam  optics  and  the  light-collecting  optics  for  opera¬ 
tion  in  the  90°  scattering  geometry  with  the  combustion  tun¬ 
nel,  (2)  installation  of  the  Tektronix  4010  CRT  terminal, 

(3)  installation  of  an  unstable  resonant  cavity  in  the  AVCO 
nitrogen  laser,  (4)  installation  of  an  optical  encoder  in 
the  SPEX  spectrometer  and  wavelength-position  counter  with 
initial-wavelength  preset  switches,  (5)  installation  of  an 
automatic  laser-wavelength-actuated  shutter,  (6)  modification 
of  the  computer  interface  with  the  SPEX  Compudrive  unit  to 
reduce  the  minimum  step  size  from  1  A  to  0.1  A,  and  (7)  other 
changes/add i t ions  such  as  the  addition  of  a  preamp  to  the 
photomultiplier  output,  re-packaging  the  interrupt  pulse 
generator,  and  improvement  of  the  performance  of  the 
spectrometer  drive. 

Extensive  software  modifications  and  additions  were  also 
implemented  both  in  the  Nova  computer  and  in  the  data  analysis 
programs  used  in  the  CDC  6600  computer.  In  addition  to  the 
new  programming  required  by  the  vertical  positioning  feature 
of  the  modified  LARS  system,  the  original  code  was  modified 
to  provide  initial  laser  power  printout,  input  of  the  ratio 
of  the  data-to-background  gate  widths,  choice  of  photon¬ 
counting  or  current-integration  modes,  and  closed-loop 
control  of  the  spectrometer  wavelength.  Among  the  signifi¬ 
cant  improvements  made  in  the  data  analysis  code  was  the 
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inclusion  of  the  measured  laser  emission  spectrum,  the  use 
of  an  operationally  determined  instrument  function,  and  the 
use  of  a  chi-square  minimization  program  to  determine  the 
best-fit  temperature  and  the  fitting  errors. 

The  modified  LARS  system  was  moved  into  Room  20  of 
Building  18  of  the  Air  Force  Aero  Propulsion  Laboratory 
( AFAPL )  on  13  June  1978.  It  was  operational  with  the  com¬ 
bustion  tunnel  by  30  June.  The  objectives  of  this  report 
are:  (a)  to  characterize  the  performance  of  the  modified 
system,  (b)  to  present  the  results  of  the  preliminary 
measurements  made  with  the  modified  system  on  the  combustion 
tunnel,  and  (c)  to  make  recommendations  regarding  the  opera¬ 
tion  of  the  modified  system.  Hereafter,  the  use  of  the  term 
"LARS  system"  or  "system"  will  refer  to  the  mod  if ied-LARS 
system. 
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SECTION  2 

SYSTEM  PERFORMANCE 

The  performance  aspects  of  interest  in  this  report  are 
those  which  are  involved  with  the  modifications  and  addi¬ 
tions  that  directly  influence  the  measurements  made  with  the 
system  in  the  combustion  tunnel  facility.  This  includes  the 
modified  laser,  the  optics,  and  the  optics  table.  Distinction 
is  made  here  between  the  features  and  parameters  which 
characterize,  in  general,  the  flexibility  and  capability  of 
the  system  and  the  capability  of  the  system  to  provide 
measurements  on  specific  combustion  environments.  The 
performance  of  the  system  with  various  combustors  is  the 
subject  of  Section  3. 

2.1  MODIFIED  LASER 

In  a  laser  light-scattering  experiment  it  is  desirable 
to  minimize  the  volume  of  the  sampled  region  without  sacri¬ 
ficing  any  available  light.  A  small  volume  permits  the 
measurement  of  the  profile  of  a  parameter,  such  as  tem¬ 
perature,  across  some  region.  In  the  90°  scattering 
geometry  of  interest  here,  the  minimum  size  of  the  sampled 
volume  in  two  of  the  three  dimensions  for  a  given  optical 
configuration  is  determined  by  the  angular  divergence  of  the 
laser  beam.  The  AVCO  C5000  pulsed,  nitrogen-gas  laser  used 
in  this  work  had  a  near-field  beam  consisting  primarily  of 
two  very  narrow,  bright  lines  of  light  separated  by  3.2  mm 
and  50  mm  in  length.  Its  far-field  pattern  consisted  of  a 
complex  array  of  parallel  "lines"  of  light  having  an  overall 
measured  half-angle  divergence  of  approximately  1.2  mr  by 
10.4  mr.  Actually,  at  least  one  of  these  "lines"  extended 
to  almost  twice  the  10.4  mr  value.  Although  most  of  the 
light  was  contained  within  this  10.4  mr  dimension,  this 
feature  of  the  beam  greatly  complicated  the  shape  of  the 
sample  volume  defined  by  the  focused  beam.  The  size  of  the 
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focused  beam  is  essentially  determined  by  the  beam  divergence, 
the  aperture  of  the  focusing  lens,  and  the  distance  of  the 
lens  from  the  sample  volume.  The  sample  volume  in  the  90° 
geometry  is  defined  by  the  dimensions  of  the  cross-sectional 
area  of  the  focused  beam  and  the  length  of  the  beam  that  is 
selected  by  the  collecting  (i.e.,  receiving)  optics.  The 
aperture  size  and  the  lens-to-focus  distance  is  fixed  by  the 
design  of  the  combustion  tunnel.  Calculations  showed  that 
with  the  AVCO  laser  as  described  above,  the  sample  volume 
would  extend  along  the  axis  of  observation  as  much  as  8  mm. 
Since  the  radius  of  the  proposed  center  body  of  the  com¬ 
bustor  was  only  70  mm,  this  8-mm  size  would  not  permit  the 
spatial  resolution  of  the  profile  of  a  measured  parameter 
that  would  be  needed  to  characterize  a  complex  combustion 
environment . 

The  spatial  resolution  was  enhanced  by  modifying  the 
laser.  The  non-resonant,  transverse-excited  laser  cavity  of 
the  AVCO  laser  was  made  resonant  in  the  long  dimension  of 
the  beam  by  the  addition  of  two  cylindrical  mirrors  which 
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formed  an  unstable  resonator.  The  resonator  is  of  the 
Cassegrain  design  which  introduces  in  the  near  field  a  dark 
region  in  the  central  region  of  the  beam  due  to  the 
"secondary"  mirror.  The  far-field  pattern  is  now  confined 
to  a  well-defined,  narrow  rectangular  area  with  a  half-angle 
divergence  of  about  0.2  mr  by  4.7  mr .  This  modification  of 
the  laser  produces  a  focused  beam  with  a  long  dimension 
observed  to  be  no  greater  than  2  mm  and  a  narrow  dimension 
which  was  found  to  be  completely  within  0.4  mm  as  determined 
by  direct  observation  of  the  dependence  of  a  Raman  signal  on 
the  width  of  the  spectrometer  entrance  slit. 

The  addition  of  the  unstable  resonator  to  the  laser  also 
increased  the  available  power  from  the  laser  and  slightly 
changed  the  character  of  the  light  pulse.  Before  the  modi¬ 
fication,  about  95  mW  of  average  power  was  measured  near  a 


focus  using  a  Scientech  power  meter  with  the  laser  at  80  kV, 
44  mA,  and  250  pps .  With  the  unstable  resonator  installed 
and  adjusted,  the  power  at  the  same  location  and  under  the 
same  conditions  was  about  165  mW.  Figure  2  shows  an 
oscilloscope  trace  of  the  laser  pulse  obtained  using  a  high¬ 
speed  photodiode.  Without  the  resonator,  the  pulse  was 
roughly  Gauss ian-shaped  having  a  width  of  11  nsec  to  12  nsec 
at  half  maximum.  With  the  resonator,  the  pulse  appears,  in 
Figure  2,  to  be  slightly  more  triangular  in  shape  with  a 
width  between  10  nsec  and  11  nsec. 

2.2  OPTICS  CONFIGURATION 

The  layout  of  the  laser  and  the  optical  components  used 
to  obtain  the  90°  scattering  geometry  with  the  combustion 
tunnel  is  shown  in  Figure  3.  Optical  access  to  the  com¬ 
bustion  environment  is  provided  by  two  optical-grade-f used- 
quartz,  1.0-in  thick  windows  which  have  clear  apertures  of 
76  mm  (3.0  in)  by  305  mm  (12  in).  The  positions  of  the 
laser  and  the  laser-beam  input  lens  LI  were  chosen  so  that 
the  long  dimension  of  the  beam  just  filled  the  76-mm  (3.0 
in)  diameter  of  the  laser-beam  output  lens  L2.  The  focal 
length  of  lens  L2  was  chosen  as  short  as  possible  to  mini¬ 
mize  the  sample  volume  while  permitting  vertical  translation 
of  the  volume  across  the  2 5 . 4-cm-d iameter  (.10  in)  combustor 
pipe.  Because  of  the  complicated  spatial  pattern  produced 
by  the  laser,  an  aperture  is  provided  which  can  be  used  to 
shape  the  focused  beam  in  the  sample  volume.  This  aperture, 
when  used,  becomes  the  object  of  lens  L2  and  can  be  used  to 
reduce  the  AX  dimension  of  the  sample  volume.  Of  course, 
there  is  a  corresponding  loss  of  available  laser  power  when 
the  aperture  is  used  for  this  purpose.  The  lens  L2  can  be 
stopped  down  by  two  independently-ad j ustable  aperture  masks 
parallel  to  the  long  dimension  of  the  window  to  prevent 
vignetting  of  the  laser  beam  during  remote  operation.  This 
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Oscilloscope  Trace  ol  the  3371-A  Laser  Pulse  with 
the  Unstable  Resonator  Installed.  (An  ITT  F4000 
photodiode  at  500  V  was  used.  The  AVCO  C5000 
nitrogen  laser  was  operated  with  8.0  kV  at  44  mA 
and  250  pps  giving  165  into  average  power. 
Horizontal  and  vertical  scales  are  respectively 
10  nsec/div  and  1.0  volt/aiv  (into  50  ]). 


Figure  2 
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Optical  Arrangement  and  Sample  Volume 
Mod  if ied-LARS  System.  (The  "combustor 
the  combustion  tunnel.) 


feature  is  particularly  useful  when  a  region  off  the  com¬ 
bustor  axis  is  to  be  probed.  Again,  laser  power  is  sacri¬ 
ficed  when  these  masks  are  used. 

The  scattered-light  collecting  lens  L3  has  its  focal 
point  located  at  the  sample  volume.  The  resulting  parallel 
beam  is  picked  up  by  focusing  lens  L4  which  images  the 

light  collected  from  the  sample  volume  onto  the  spectrometer 
entrance  slit.  Thus,  any  X-axis  translation  of  the  sample 
volume,  such  as  in  off-axis  measurements,  can  be  followed 
simply  by  an  adjustment  of  lens  L3  along  its  axis.  Lens  L3 
also  is  fitted  with  aperture  masks  similar  to  those  on  lens 
L2  which  can  be  used  to  prevent  vignetting  of  the  top  and 
bottom  edges  of  the  collected  cone  of  light  during  remote 
operation . 

A  typical  set  of  dimensions  for  the  optics  shown  in 
Figure  3  are  given  in  Figure  4.  The  aperture  is  shown 
shifted  towards  Ll  somewhat  from  the  focal  point  of  LI. 

This  was  observed  to  be  a  point  where  the  laser  beam  formed 
the  smallest  "image."  This  required  that  lens  L2  be  shifted 
slightly  towards  the  window  with  the  result  being  that  the 
sample  volume  dimension  AX  was  slightly  smaller  than  the 
anticipated  value.  A  list  of  the  optical  components  shown 
in  Figures  3  and  4  is  given  in  Table  1.  At  present,  the 
four  lenses  are  not  anti-reflection  coated.  As  a  result, 

25%  of  the  available  light  at  the  entrance  slit  is  lost  to 
reflections.  If  the  windows  are  included,  then  about  35%  of 
the  available  light  is  lost  to  surface  reflections  from  the 
uncoated  optics. 

The  region  that  can  be  probed  by  the  optical  arrange¬ 
ment  shown  in  Figures  3  and  4  is  somewhat  restricted  by  the 
narrow  aperture  of  the  windows.  The  limits  on  the  vertical 
(Y-axis)  translation  of  the  sample  volume  are  determined  by 
where  the  top  and  bottom  edges  of  the  side  window  cut  into 
(vignette)  the  cone  of  light  collected  by  the  lens  L3.  With 
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n  in  Figure 
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TABLE  1.  OPTICAL  COMPONENTS  USED  IN  THE  MODI F I ED-LARS  SYSTEM 


Lenses — Optical-Grade  Fused  Quartz,  Uncoated 


Component 

Label 

Description 

Laser-beam  input  lens 

LI 

Two  element  (on  hand) 

f.l.  =  375  mm  at  3371  A 

diameter  =  67  mm 

Laser-beam  output  lens 

L2 

Bi-convex  (Special  Optics) 

f.l.  =  219  mm  at  3371  A 

diameter  =  76  mm 

Collecting  lens 

L3  ) 

t 

Bi-convex  (Melles  Griot) 

O 

Focusing  lens 

L4  j 

( 

f.l.  =  291  mm  at  3658  A 

diameter  =  50  mm 

Mirrors — Planar,  First-Surface 

O 

Aluminum,  Enhanced  at  3371  A 

Component 

Label 

Description 

First  laser-beam  mirror 

Ml 

70  mm  X  150  mm 

20  nun  thick 

Second  laser-beam  mirror 

M2 

100  mm  diameter 

20  mm  thick 

Third  laser-beam  mirror 

M3 

114  mm  diameter 

no  reduction  in  the  aperture  of  L3,  the  vertical  range  is 
about  ±23.5  mm.  This  range  can  be  extended  to  about  ±27.5  min 
by  reducing  the  vertical  aperture  of  L3  to  35  mm  which 
results  in  a  reduction  of  the  signal  by  about  17%.  The 
limits  on  the  transverse  (X-axis)  position  of  the  sample 
volume  are  determined  by  the  long  dimension  of  the  laser 
beam  at  the  bottom  window.  This  dimension  is  about  36  mm 
which  leaves  about  a  ±20-mm  range  along  the  X  axis.  Although 
this  range  can  be  increased  by  shortening  the  long  dimension 
of  the  beam  with  the  aperture  masks  on  lens  L2,  the  loss  in 
available  laser  power  could  be  significant.  No  matter  how 
small  the  apertures  on  1.2  and  L3  are  made,  the  limits  on  the 
area  that  can  be  probed  are  ultimately  fixed  by  the  76-mm 
(3-in)  width  of  the  two  windows.  The  area  that  is  accessible 
without  use  of  the  apertures  is  illustrated  in  Figure  5. 

The  accessible  area  can  be  increased  somewhat  over  that 
shown  by  using  scattering  angles  other  than  90°. 

2.3  OPTICS  TABLE 

The  main  optics  table  which  supports  the  optics,  laser 
and  spectrometer,  is  a  research  grade,  steel  honeycomb  table 
fabricated  by  the  Newport  Research  Corporation  (NRC).  The 
8-in-thick  table  was  cut  to  special  dimensions  of  145  x  145 
cm  for  this  application.  The  table  incorporates  a  3/16- 
inch-thick  top  surface  of  ferromagnetic  stainless  steel 
drilled  and  tapped  for  1/4-20  screws  on  one-inch  centers. 

The  table  was  modified  at  the  University  so  that  the 
extension  arm  shown  in  Figure  3  could  be  added  to  one  side 
and  vertical  posts  to  support  the  spectrometer  table  could 
be  mounted  on  another  side.  The  platform  which  supports  the 
spectrometer  was  made  from  a  standard  2-1/4- inch-thick, 
honeycomb  breadboard  table  fabricated  by  NRC.  This  3x4- 
foot  table  includes  a  1/8- inch-thick,  ferromagnetic 
stainless-steel  top  surface  drilled  and  tapped  on  1-inch 
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A  Cross-Sectional  View  of  the  Combustion  Tunnel  Showing  the  Paths  of  the 
Optical  Beams  Through  the  Tunnel  Windows.  (The  four-sided  dimensioned 
figure  around  the  Z  axis  is  the  area  accessible  to  90°  scattering  as 
determined  by  the  beam  dimensions  and  the  window  widths.) 


centers  for  1/4-20  screws.  The  magnetic  surface  on  this 
table  as  well  as  on  the  main  table  is  used  to  support  the 
optical  components  with  magnetic  bases. 

The  main  optics  table  is  supported  and  isolated  from 
f loor- induced  vibrations  by  four  air-filled  elastomer 
mounts.  These  mounts  behave  normally  like  air  springs 
having  a  natural  frequency  of  approximately  3  Hz  and 
transmit  only  a  few  percent  of  all  floor- induced  vibrations 
above  3  Hz.  Floor  vibrations  created  by  the  operation  of 
the  combustion  tunnel  could  not  be  felt  on  the  main  table 
and  there  was  no  evidence  of  any  vibration-induced  noise 
in  any  of  the  signals.  This  represents  only  a  preliminary 
assessment . 

The  mounts  on  which  the  main  table  sits  are  supported 
by  two  angle-iron  frames,  upper  and  lower,  which  are 
separated  by  a  4000-lb-capacity  hydraulic  scissors  jack. 

The  supporting  structure  was  designed  to  occupy  approxima¬ 
tely  one  half  the  area  of  the  original  LARS  transceiver 
unit,  to  provide  for  mobility,  and  to  allow  for  610  mm 
(24  inches)  of  vertical  adjustment  in  operating  height.  The 
upper  frame  carries  the  isolation  mounts  and  optics  table. 

The  lower  frame  supports  the  scissors  jack,  the  hydraulic 
system,  and  a  portion  of  the  controls.  It  is  fitted  with 
casters,  leveling  jacks,  and  lifting  eyelets.  The  weight  of 
the  completely  assembled  transceiver  unit  is  1588  kg 
(3500  lbs) . 

The  hydraulic  system  for  the  scissors  jack  is  controlled 
by  a  Moog  servo  controller.  The  controller  can  be  operated 
either  automatically  through  the  computer,  or  manually  by  a 
switch  attached  to  the  transceiver.  A  pair  of  rotary 
potentiometer- type  feedback  transducers  are  used  to  provide 
vertical  and  horizontal  displacement  information  to  the 
operator  on  the  relative  position  of  the  sample  volume  with 
respect  to  the  combustor.  The  outputs  of  these  transducers 
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are  digitized  in  tenths  of  a  millimeter  and  displayed  on  two 
meters  at  the  operator's  station.  The  output  of  the  ver¬ 
tical  transducer  also  goes  to  the  servo  controller  where  it 
controls  the  automatic  up/down  scan  of  the  scissors  jack. 
Limit  switches  have  been  provided  to  control  scan  movements 
to  within  the  limits  of  the  vertical  transducer.  The  maxi¬ 
mum  vertical  range  permitted  by  a  given  positioning  of  the 
transducer  housing  is  127  nun  (5  in). 

The  main  criteria  for  characterizing  the  performance  of 
the  automatic  control  of  the  table  height  are  stability, 
repeatability,  and  accuracy.  Preliminary  observations 
indicated  that  short  term  (minutes)  stability  was  +0.1  mm 
with  long  term  (hours)  stability  being  about  +0.2  nun.  The 
repeatability  depends  on  whether  the  position  is  approached 
with  the  table  rising  or  lowering.  Generally,  better 
control  has  been  observed  when  the  servo  is  driven  to  a 
position  (i.e.  rising)  rather  than  going  to  that  position  by 
reducing  the  volume  of  oil  in  the  hydraulic  cylinder  (i.e. 
lowering).  Repeatability  was  usually  better  than  +0.2  mm 
when  rising  and  about  twice  that  value  when  lowering.  The 
accuracy  depends  for  the  most  part  on  the  calibration  cir¬ 
cuits  in  the  control  unit.  If  a  calibration  curve  (meter 
reading  versus  relative  table  position)  was  determined  at  the 
beginning  of  a  run  sequence,  it  was  generally  observed  that 
the  calibrations  should  be  checked  once  a  week.  Within  a 
week  of  operation,  the  calibration  was  observed  to  hold 
within  a  range  of  about  0.3  mm. 

The  importance  of  these  criteria  depends  on  the  size  of 
the  sample  volume  and  the  steadiness  of  the  combustion 
environment  being  probed.  In  the  preliminary  measurements 
presented  in  this  report,  the  flame  was  not  only  unsteady, 
on  the  scale  of  many  millimeters  in  many  cases,  but  it  was 
also  usually  quite  asymmetric.  Since  measurements  made  with 
a  2-mm-high  slit  did  not  yield  analyzable  data,  a  10-mm  or 
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20-mm  high  slit  was  used.  This  dimension  is  sufficiently 
large  compared  to  the  above-cited  uncertainties  to  make  them 
of  only  minor  importance  to  these  measurements. 

A  typical  position  of  the  transceiver  at  the  first  win¬ 
dow  location  is  illustrated  in  Figure  6.  Two  sets  of  wheels 
are  provided  for  rolling  the  transceiver.  One  set  has  solid 
rubber-band  tires  which  were  used  to  move  the  unit  through 
the  building  from  the  unloading  area  to  the  combustion  tun¬ 
nel  test  cell  in  Building  18.  The  other  set  are  grooved 
steel  wheels  that  can  roll  on  a  track.  The  transceiver  was 
fitted  with  these  grooved  wheels  after  it  was  positioned  at 
the  combustor  and  set  on  two  parallel,  305-cm  (10-ft)  long 
tracks  as  shown  in  Figure  6.  The  tracks  were  positioned  so 
that  the  transceiver  could  be  moved  parallel  to  the  com¬ 
bustor  axis.  The  movement  of  the  transceiver  on  the  tracks 
was  easily  accomplished  by  one  person. 
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MEASUREMENTS 


Extensive  Raman  measurements  were  carried  out  on  the 

plume  of  an  afterburning  J85-5  turbojet  engine  with  the  LARS 

4 

system  as  originally  designed.  Extensive  upgrading  of 
the  system  performance  was  accomplished  and  completely  new 
data-handl ing  and  analysis  procedures  for  obtaining  precise 
Raman  temperatures  were  developed  in  the  course  of  this 
work.  Following  the  completion  of  the  J85  measurements,  the 
modifications  discussed  in  Section  1  and  2  were  implemented. 
Three  types  of  measurement  efforts  have  been  carried  out  with 
the  LARS  system  following  the  completion  of  the  modifica¬ 
tions.  The  first  measurement  efforts  were  made  at  the 
University  of  Dayton  on  a  premixed  flame  from  a  capillary 
burner.  After  the  LARS  system  was  put  into  operation  at  the 
AFAPL  combustion- tunnel  facility,  two  basic  types  of 
measurement  activities  were  carried  out.  These  were  tem¬ 
perature  measurements  obtained  from  Raman  data  and  various 
measurements  of  the  background  spectra  observed  from  the 
turbulent  diffusion  flame  of  the  tunnel.  These  three 
efforts  are  reported  in  this  section.  In  addition,  the  two 
methods  used  to  calculate  the  temperature  from  Raman  data 
are  reviewed. 

3.1  RAMAN  THERMOMETRY  TECHNIQUES 

The  approach  to  obtaining  temperature  measurements  from 
Raman  spectra  used  in  these  studies  is  based  on  resolving  the 
spectral  profile  of  the  Stokes  Q-branch  Raman  spectrum  (i.e., 
the  vibrational  spectrum)  of  the  nitrogen  gas  (N^)  i-n 
the  combustion  environment.  It  is  assumed  that  the  N0 
molecules  being  observed  behave  as  non-interacting  molecular 
probes  in  thermal  equilibrium  with  their  surroundings.  To 
date  this  assumption  appears  valid.  A  brief  review  of  the 
theory  underlying  this  approach  as  well  as  a  listing  of 


references  on  the  subject  has  been  given  by  Roquemore  and 

4 

Yaney.  The  two  methods  of  utilizing  the  Stokes  Q- 
branch  spectral  profile  used  in  this  work  are  discussed  in 
the  following  sections.  An  effort  was  made  to  observe  the 
anti-Stokes  Q-branch  spectrum  of  in  the  combustion 
tunnel.  At  best,  the  maximum  Raman  signal  was  about  30%  of 
the  background  signal  and  the  signal  levels  in  general  were 
about  a  factor  of  six  smaller  than  the  Stokes  signals.  No 
further  anti-Stokes  studies  were  pursued. 

3.1.1  Computer-Fit  Method 

2 

This  method  uses  a  chi-square  (y  )  minimization 
procedure  to  find  the  temperature  for  which  the  theoretical 
spectral  profile  best  fits  the  experimental  data.  The  data 
are  in  the  form  of  a  40  to  60  equal-step  wavelength  scan  of 
the  Stokes  spectrum  centered  about  the  first  hot  band 
at  about  3653.8  A.  Although  details  concerning  the  method 

4 

used  have  been  covered  by  Roquemore  and  Yaney,  it  is 
useful  to  discuss  certain  aspects  of  the  method  here.  The 
normal  procedure  for  obtaining  a  fit  is  to  first  determine 
the  effective  instrument  or  slit  function.  This  is  done  by 
fitting  the  slit  parameters  to  a  scan  of  a  room- temperature 
spectrum  of  N2*  These  parameters  account  for  the 
spectral  width  of  the  spectrometer  slit  settings  and  the 
spectral  function  of  the  laser  output.  This  has  to  be  done 
for  each  combination  of  slit  settings  and  grating  order 
used.  The  effective  slit  function  is  approximated  in  the 
calculations  by  a  trapezoid  given  by  the  slit-bottom  half¬ 
width  (SBHW)  and  the  slit  top- to-bottom  width  ratio  (STBWR) 
parameters.  The  full  width  at  half  maximum  (FWHM)  of  the 
resulting  effective  spectral  passband  is  given  by  FWHM  = 
SBHW(1  +  STBWR).  With  the  slit  parameters  determined,  the 
temperature,  the  height  and  slope  of  the  background,  and  a 
wavelength  correction  factor  are  fitted  to  the  data.  It  is 
possible  to  include  the  slit  parameters  in  the  fitting 
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procedure;  however,  when  the  data  are  noisy,  this  occa¬ 
sionally  results  in  totally  unreasonable  slit  parameters 
which  raises  the  question  of  the  validity  of  the  temperature 
fit. 

2 

The  quantity  y  used  here  is  the  sum  of  the  squares 
of  the  differences  between  the  signal  data  and  the  theoreti¬ 
cal  values  weighted  (divided)  by  the  variances  of  the  data 
with  the  summation  taken  over  all  the  scan  steps.  The  com¬ 
puter  code  determines  the  parameter  values  which  minimizes 
2 

X  .  A  useful  criterion  is  the  value  of  the  reduced  chi- 
2  2 

square  Xr  which  is  x  divided  by  the  number  of 

degrees  of  freedom  in  the  fit.  This  number  is  simply  the 

number  of  data  values  (steps)  less  the  number  of  parameters 

fitted.  The  value  of  xr2  is  ideally  one  when  the 

theoretical  function  is  that  function  contained  in  the 

experimental  data  and  when  the  variances  used  in  calculating 
2 

X  totally  account  for  the  noise  in  the  data. 

Deviations  from  either  of  these  conditions  will  make 
X  2  >  1.0. 

A  r 

In  most  of  the  data  presented  in  this  report,  the  noise 

level  was  quite  high  and  was  not  completely  accounted  for  in 

the  variance  values  used.  Generally,  the  variances  used 

were  determined  from  Poisson  statistics  where  the  variance 

equals  the  photoelectron  count.  The  recorded  datum  values 

were  not  photoelectron  counts  but  were  digital  counts  on  a 

scale  determined  by  the  charge-digitizing  instrumentation  to 

which  the  8850  photomul tipi ier  tube  (PMT)  was  connected. 

The  observed  count  depended  on  the  PMT  voltage;  however, 

studies  of  the  observed  count  statistics  for  a  known  source 

indicated  that  one  photoelectron  on  the  average  was  equal  to 

about  250  observed  counts.  This  factor  was  used  to  convert 

all  observed  data  to  photoelectron  counts  from  which  the 

variances  and  yr^  values  were  determined.  Thus,  the 

goodness  of  the  fit  is  reasonably  given  by  how  close 
2  ■ 

Xr  is  to  unity. 
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In  the  computed-f itted  combustion- tunnel  data  presented 
2 

in  this  report,  x  >.3.0.  Two  conditions  were  observed 

r  2 
which  contributed  to  these  large  values  of  xr  •  First 

of  all,  it  was  discovered  that  the  mercury-vapor  lamps  used 

to  light  the  room  housing  the  combustion  tunnel  introduced  a 

spurious  spectrum  in  the  observed  data.  This  condition 

existed  during  the  runs  of  30  June  through  18  July  1978. 

The  runs  prior  to  18  July  were  carried  out  using  the  third- 

order  spectrum.  A  Corning  CS7-54  ultrav iolet-transmitting , 

visible-blocking  filter  was  used  to  remove  the  low-order 

spectra  in  these  runs;  however,  the  spurious  spectrum  was 

apparently  due  to  some  accidental  specular  reflection  of  the 

near-ultraviolet  emission  lines  of  the  mercury  vapor.  After 

6  July,  the  first  order  spectrum  was  used.  Although  the 

intensities  of  the  spurious  features  were  reduced,  they  were 

still  observed.  After  18  July  the  room  lights  were  turned 

off  during  the  times  when  Raman  data  was  recorded  and  the 

spurious  spectrum  was  no  longer  observed. 

2 

The  second  condition  contributing  to  large  xr  values 
was  the  apparent  unsteadiness  of  the  combustion  zone  in  the 
tunnel.  Specifically,  the  flame  almost  always  appeared 
visually  to  be  asymmetrical  and  to  rotate  or  fluctuate 
around  or  about  the  axis  of  the  combustor  pipe.  The 
unsteadiness  was  so  large  that,  coupled  with  the  high  laser- 
induced  background,  it  was  not  possible  to  use  a  2  rivn  slit 
height  on  the  spectrometer  due  to  the  large  excursions 
observed  in  the  data.  The  circumstance  was  greatly  alle¬ 
viated  by  using  10-mm  and  20-mm  slit  heights.  Such  large 
spatiaJ  extents  over  an  unsteady  combustion  region  raises 
the  question  of  the  meaning  of  the  resulting  temperature 
fits.  An  optimistic  speculation  would  be  that  they  repre¬ 
sent  some  sort  of  average  temperature. 

The  computer  code  also  generates  the  standard  deviations 

2 

(SD's)  in  the  values  of  the  parameters  fitted  at  the  xr 
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and  the  SD's  is 


5  2 

minimum.  The  relationship  between  x  r 

not  simple.  For  example,  the  spurious  spectrum  discussed 

above  will  make  xr^  large  because  this  spectrum  is  not 

included  in  the  theoretial  spectrum  being  fitted  to  the  data. 

2 

On  the  one  hand,  the  dependence  of  xr  on  temperature  may 

oe  quite  sharp  giving  a  small  temperature  SD.  On  the  other 

2 

hand,  a  large  noise  level  would  not  only  increase  xr  but 
also  the  SD  values  of  the  fitted  parameters.  These  features 
in  the  fits  to  the  data  are  discussed  in  Section  3.2.2. 

It  is  of  particular  interest  to  determine  how  the 
laser- induced  and  non-laser-induced  backgrounds  contribute  to 
the  t  mperature  SD.  As  is  discussed  in  the  next  section, 
the  ratio,  V,  of  the  hot-band  Raman  signal  to  the  main-peak 
Raman  signal  is  a  linear  function  of  temperature  between 
about  1000  and  3000°K  for  the  effective  slit  functions  used 

4 

m  these  studies.  Thus,  it  is  possible,  assuming 
Poisson  statistics,  to  calculate  a  temperature  SD  value  and 
the  contributions  of  the  two  backgrounds  to  this  value.  The 
ratio  of  this  SD  value  to  the  computer-generated  temperature 
SD  can  be  used  to  scale  the  background  contributions  to  the 
computer  result.  It  was  found  that  his  scale  factor  was 
about  /b  which  suggests  that  the  computer  fit  is  approxima¬ 
tely  equivalent  to  six  independent  temperature  measurements 
using  the  four-waveleng th  method  described  in  the  next  sec¬ 
tion.  It  must  be  recognized  that  this  calculation  gives 
only  an  approximate  measure  of  the  background  contributions 
to  the  temperature  SD  since  any  extraneous  source  of  tem¬ 
perature  uncertainty  will  be  absorbed,  at  least  in  part, 
into  the  background  values  determined  in  this  manner.  What 
this  scheme  does  provide  is  a  reasonably  self-consistent 
basis  for  comparing  Raman  temperature  measurements  using 
different  methods. 

An  example  of  a  typical  computer  fitting  is  given  in 
the  Appendix.  The  run  was  on  26  July  1978  at  the  time  of 


2143  (9:43  pm)*  The  raw  data  is  prepared  for  the  fitting 
program  called  TCMP  by  the  program  DATIN.  DATIM  formats  the 
raw  data,  adds  all  the  parameters  which  define  the  experi¬ 
mental  conditions  (e.g.,  diffraction  order),  specifies  which 
parameters  are  to  be  fitted,  and  provides  starting  values 
for  these  parameters.  This  is  the  first  listing  given  in 
the  Appendix  and  represents  the  input  to  TEMP.  The  output 
of  TEMP  is  provided  in  tabular  and  graphical  forms.  The 
second  listing  in  the  Appendix  is  the  final  results  of  the 
fit  followed  by  the  tabulated  experimental  and  calculated 
(i.e.,  fitted)  datum  values.  These  values  are  presented  both 
in  the  form  of  digital  counts  per  laser  pulse  and  in  the 
form  normalized  to  the  maximum  of  the  calculated  spectrum. 

The  background  fitted  to  the  data  and  the  datum  SD  values 

2 

used  in  calculating  called  ERRORS  in  the  table  are 

also  given.  The  third  listing  includes  two  graphs  of  the 
data  given  in  the  previous  table.  The  first  graph  has  a 
linear  data  scale  (ordinate)  while  the  second  graph  has  a 
logarithmic  scale.  Three  curves  are  plotted  in  each  graph. 
The  experimental  data  is  labelled  E,  the  calculated  spectrum 
is  labelled  C,  and  the  calculated  background  is  labelled  B. 

3.1.2  N-Wavelength  Method 

The  Stokes  Q-branch  Raman  spectra  of  calculated 
for  six  temperatures  are  shown  in  Figure  7.  These  spectra 
show  how  the  intensity  of  the  first  hot  band  (v  =  1) 
increases  with  temperature  relative  to  the  main-peak  inten¬ 
sity  (v  =  0).  The  ratio,  V,  of  the  intensities  (v  =  1  to  v 
=  0)  is  a  linear  function  of  the  temperature,  T,  over  the 
range  of  about  1000  to  nearly  3000°K.  The  actual  range,  the 
degree  of  linearity,  and  the  particular  slope  and  intercept 
values  depend  on  the  effective  slit  function  and  its  FWHM 
value.  These  values  can  be  easily  obtained  from  a  set  of 
spectra  calculated  with  a  specific  slit  function.  The  pri¬ 
mary  obstacle  in  using  this  relationship  is  in  determining 
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the  portion  of  the  signals  recorded  at  the  hot  band  and  main 
peak  wavelengths  that  are  due  only  to  the  Raman  spectrum. 

That  is,  the  background  values  at  these  wavelengths  must  be 
deduced . 

Basically,  the  U-wavelength  (N-A)  method  is  based  on 
the  assumption  that  the  background  values  at  the  v  =  0  and 
v  =  1  wavelengths  can  be  found  by  fitting  a  smooth  curve  to 
background  values  measured  on  the  two  sides  of  the  spectra 
shown  in  Figure  7.  Two  values  of  the  II- A  measurements  are 
taken  at  the  v  =  0  and  v  =  1  wavelengths.  This  is  generally 
at  or  near  3657.4  and  3653.8  A,  respectively,  for  an  inci- 

O 

dent  laser  wavelength  of  3371  A.  If  the  background  curve  is 
assumed  linear,  then  only  two  additional  measurements  will 
fix  the  background  values  at  these  two  wavelengths  by  linear 
interpolation.  These  two  additional  measurements  must  be 
made  sufficiently  distant  from  the  Raman  spectrum  such  that 
no  part  of  the  effective  slit  function  includes  or  overlaps 
this  spectrum.  Thus,  measurements  of  the  signals  at  four 
wavelengths  can  determine  a  value  of  V  and  hence  T.  This  is 
the  4-A  method. 

Referring  to  Figure  7,  it  is  clear  that  the  background 
measurements  should  be  made  at  >3660  and  <3647  X.  The 
spacing  between  the  main  peak  and  the  first  hot  band  is 
approximately  3.6  X.  It  was  found  convenient  to  step  in 
intervals  of  3.6  A  with  the  first  value  at  3646.6  A  and  the 
last  (i.e.,  fourth)  value  at  3661.0  X.  The  value  at  the 
second  hot  band  (v  =  2)  was  not  used.  Since  the  SBHW  was 

O  O 

usually  less  than  1.6  A,  the  choice  of  3.6  A  steps  insured 
that  the  background  measurements  did  not  include  the  Raman  Q- 
branch  spectrum.  However,  such  measurements  do  include  the 
O-  and  S-branch  spectra  (due  to  vibrational-rotational 
transitions)  which  extend  many  angstroms  on  both  sides  of 
the  Q  branch.  Since  these  spectra  are  usually  on  the  order 
of  only  1  to  3%  of  the  Q-branch  intensities  we  have 


neglected  their  influence  on  the  N-A  data  presented  in  the 
following  sections. 


The  analyses  presented  in  this  report  using  the  N-A 
method  for  run  dates  through  18  July  contain  a  bias  due  to 
the  spurious  spectrum  mentioned  in  the  previous  section. 

The  magnitude  of  this  bias  cannot  be  estimated  and  there  is 
reason  to  believe  that  there  were  run-to-run  variations  in 
the  magnitude.  Nevertheless,  it  is  fairly  certain  that  the 
bias  had  the  effect  of  increasing  the  temperature  values 
calculated  from  the  data.  This  is  because  the  spurious 
spectrum  introduced  a  peak  in  the  vicinity  of  the  first  hot 
band.  Thus,  the  accuracy  of  these  measurements  cannot  be 
specified;  however,  the  measurements  do  provide  a  test  of 
the  technique  and  they  can  be  examined  from  the  standpoint 
of  reproducibility. 

The  4- A  method  is  clearly  the  simpliest  of  a  number  of 
variations  that  can  be  used  which  fall  within  the  generic 
class  of  the  N-A  method  of  temperature  measurements.  One 
variation  used  here  involved  making  four  measurements  of  the 
background,  two  on  each  side  of  the  Raman  spectrum.  Again, 
the  3.6  A  interval  was  used.  The  averages  of  the  two  pairs 
of  measurements  were  first  calculated.  These  values, 
assuming  a  linear  background  gave  background  values  at  the 
mean  wavelengths  of  the  corresponding  measurements.  These 
two  sets  of  values  were  then  used  to  compute  the  background 
values  at  the  hot  band  and  main  peak  following  the  4-A 
method.  This  is  referred  to  as  the  6-A  method.  Basically, 
this  approach  reduces  the  uncertainties  in  the  background 
measurements  by  fl  assuming  Poisson  statistics. 

3.1.3  Error  Analysis 

The  computer-fit  method  provides  uncertainties  in  the 
fitted  parameters  as  part  of  the  fitting  code.J  The  N-A 
method  can  be  analyzed  in  a  straightforward  way  if  Poisson 
statistics  are  used.  This  analysis  provides  an  additional 


feature  in  that  it  can  give  the  contributions  to  the  tem¬ 
perature  uncertainty  which  arise  from  the  laser- induced 
background,  B',  and  the  non-laser- ind uced  background,  B" . 

As  described  in  Section  3.1.1,  this  analysis  can  also  be 
applied  to  the  computer-fitted  results  to  give  the 
corresponding  breakdown  in  the  sources  of  temperature  error 
in  those  measurements. 

The  temperature,  T,  is  related  to  the  hot-band- to-main- 
peak  Raman  signal  ratio,  V,  by 

T  =  Tq  +  mV  (1 ) 

where  TQ  is  the  temperature  intercept  at  V  =  0  and  m  is 
the  slope.  The  temperature  SD,  T,  is  given  by 

1 

aT  =  {CT02  +  (mV)2[(av/V)2  +  (am/m)2]}2  (2) 

where  a„,  a,.,  and  a  are  the  SD's  respectively  in  Tn ,  V, 

0  v  m  0 

and  m.  Generally,  crn  and  c  range  between  0.5  and  1.0%  of 
Tq  and  m,  respectively,  and,  as  such,  represent  upper  limits 
to  the  accuracy  of  the  N-A  method.  The  main  source  of 
uncertainty  is  a v  which  can  be  written,  assuming  Poisson 
statistics,  as 


1 

ay/V  =  [ (R1  +  2B1)/R12  +  (RQ  +  2B0)/RQ2]7  (3) 

where  R  and  B  respectively  identify  the  Raman  and  background 
signals,  and  the  subscripts  1  and  0  respectively  identify 
the  hot  band  and  main  peak  values.  The  factor  two 
multiplying  the  background  arises  from  the  fact  that  the 
Raman  part  of  the  signal  can  only  be  obtained  by  first 
subtracting  the  background  from  the  observed  datum.  The 
background  values  are  the  sums  of  the  two  background 
sources,  thus 
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(4) 


B1  -  V 


+  B. 


and 


B0  =  B0 


+  B, 


In  actuality,  the  non-laser- induced  background  is  measured 
separately,  0.6  msec  after  each  laser  pulse,  and  is  usually 
only  a  small  fraction  of  the  laser- induced  value.  Thus, 
those  parts  in  Equation  (3)  which  arise  from  the  two 
backgrounds  can  be  separated  out  and  their  contributions  to 
o,p  can  be  calculated. 


3.2  RAMAN  MEASUREMENTS 

The  LARS  system  was  checked  out  using  a  pre-mixed  flame 
from  a  capillary  burner.  The  measurement  effort  was  limited 
being  intended  only  to  demonstrate  the  operation  of  the 
system.  The  results  are  summarized  here  to  illustrate  a 
typical  temperature-profile  measurement. 

After  the  system  was  moved  to  the  combustion  tunnel 
facility  at  the  AFAPL,  a  wide  range  of  Raman  measurements 
were  carried  out.  The  data  and  results  from  these  measure¬ 
ments  are  presented  here  in  tabular  form.  Because  of  the 
unsteadiness  of  the  flame,  very  few  radial  (i.e., 
transverse)  profile  data  were  obtained.  Some  effort  was 
made  to  measure  axial  profiles;  however,  the  main  thrust  of 
the  studies  was  on  the  temperature-measurement  capabilities 
as  a  function  of  the  fuel  and  air  flow  rates. 

3.2.1  Capillary  Burner 

The  horizontally-mounted  capillary  burner  used  in  these 
studies  consisted  of  water-cooled  inner  and  outer  burners 
surrounded  by  an  argon  sheath. ^  Both  acetylene  and  pro¬ 
pane  fuels  were  used.  The  air-acetylene  flame  was  15  to 
20  cm  in  length  ana  orange  in  color  while  the  air-propane 
flame  was  2  to  4  cm  in  length  but  very  clear  and  blue. 

The  measurements  made  on  the  air-propane  flame  were  at 

7 

about  1  cm  from  the  burner  face  using  a  5-mm-high  slit. 
Continuous  step-scans  of  the  N^  spectrum  were  made  at 
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five  vertical  profile  positions  in  the  flame.  The  scans 

took  6.8  minutes  each.  The  data  were  computer-fitted  using 

the  appropriate  slit  parameters.  The  temperature  profile 

had  a  maximum  of  1862°K  +  4.2%  at  about  7  mm  below  the 

burner  axis.  The  temperature  dropped  to  1270°K  +  2.4%  at 

14  mm  below  the  axis.  On  the  axis  the  temperature  was 

1545°K  +  4.5%  but  dropped  sharply  7  mm  above  the  axis  to 

523°K  +  3.4%.  It  increased  to  1762°K  +  3.2%  at  14  mm  above 

2 

the  axis.  The  x  values  for  the  fits  were  about  2.0  or 
less.  The  flame  was  rather  structured  due  to  the  low  flow 
rates  that  were  required  to  obtain  a  blue  flame.  Also, 
there  were  additional  contributions  to  this  structure  by  the 
separately-controlled  inner  and  outer  parts  of  the  burner. 
These  features  support  the  523°K  value  given  above  which 
indicates  that  a  relatively  cold  region  was  present  in  the 
flame.  The  maximum  value  reported  above  is  consistent  with 
the  temperature  expected  for  this  burner  under  the  given 

O 

operating  conditions.  These  measurements  using  propane 
fuel  were  carried  out  to  insure  that  the  excessive  back¬ 
ground  signals  experienced  with  acetylene  were  in  no  way  due 
to  a  malfunction  or  misalignment  in  the  LARS  system. 

The  burner  was  operated  primarily  with  acetylene  fuel. 
The  flame  was  characteri zed  by  a  strong  orange  color  which 
contributed  not  only  a  noticeable  non-laser- ind uced 
background  but  also  a  very  large  laser- ind uced  background. 
This  orange  color  is  apparently  characteristic  of  phosphine 

9 

which  is  a  common  impurity  m  commercial  acetylene. 

Attempts  were  made  to  obtain  a  supply  of  the  fuel  with  less 
impurities  but  these  were  of  no  avail.  A  trap  could  have 
been  constructed  which  would  have  cleaned  the  fuel,  but  this 

9 

was  not  done. 

Although  the  background  signals  v/ere  more  than  twice 
the  strength  of  the  hot  band  (i.e.,  the  Raman  signal  at  the 
peak  of  the  first  hot  band),  it  was  possible  to  perform  pro- 
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file  measurements  by  summing  the  signals  over  10,000  laser 
pulses  and  using  the  4-A  method. 

The  time  to  acquire  the  data  for  each  temperature 
measurement  was  2.7  minutes.  The  results  of  these  measure¬ 
ments^  are  summarized  in  Table  2.  Because  of  the  10-mm 
slit  height,  the  measurements  at  the  +20-mm  position  include 
relatively  cool  air  in  a  portion  of  the  sample  volume.  The 
data  show  that  both  of  the  background- induced  temperature 
error  contributions  form  a  well-defined  profile  across  the 
flame  which  characterizes  the  fluorescence  and  self¬ 
luminosity  of  the  flame.  Although  the  temperature  SD  values 

are  rather  large,  the  temperature  values  are  in  good 

8  11 

agreement  with  the  expected  values.  '  The  temperature 
results  are  presented  in  graphical  form  in  Figure  8.  The 
plot  shows  the  center  of  the  temperature  profile  to  be  lower 
than  the  centerline  of  the  burner  as  was  observed  with  the 
propane  fuel.  This  could  be  due  to  a  slight  misalignment; 
however,  it  also  may  be  due  to  an  asymmetric  flow  of  argon 
and  the  surrounding  air  around  the  flame  due  to  its  horizon¬ 
tal  attitude.  The  effect  of  the  inner  and  outer  burners  is 
clearly  evident  in  the  triple-peaked  shape  of  the  profile. 

The  constants  of  Equation  (1)  used  to  convert  the  ratio 
V  to  temperature  in  Table  2  were 

Tq  =  810. 9°K  +  0.46%  and 

ru  =  2415. 6°K  +  0. 35%.  (5  ) 

These  values  were  obtained  from  a  least-squares  fit  to  data 
acquired  from  14  theoretical  calculations  of  the  Raman 
spectrum  using  the  effective  slit  function  defined  by 
SBHW  =  1.3541  A  and 

STBWR  =0.04935.  (6) 

The  range  of  the  calculations  covered  from  about  1300  to 
2500°K.  The  slit  function  was  fitted  to  a  third-order, 


TABLE  2.  TRANSVERSE  TEMPERATURE  PROFILE  OF  A  HORIZONTAL-MOUNTED,  AIR-ACETYLENE 
CAPILLARY  BURNER  (ARGON  SEPARATED)  OBTAINED  FROM  FOUR-WAVELENGTH  RAMAN 
MEASUREMENTS3 
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Value  given  was  measured  at  hot  band  wavelength. 

V  =  (hot-band  Raman  signal )/(main-peak  Raman  signal). 

The  SD  values  are  the  estimated  standard  deviations  calculated  using  Poisson 
statistics.  See  text. 
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Figure  8.  Measured  Temperature  Profile  of  a  Horizontal, 
Pre-Mixed,  Acetylene-Air  Flame  with  an  Argon 
Sheath  Produced  by  Two  Concentric  Capillary 
Burners.  (The  resolution  element,  AY  =  10  mm 
The  data  are  given  in  Table  2.) 


room- temperature  scan  of  the  Raman  spectrum  using  an 
entrance  slit  of  0.7  mm,  a  center  slit  of  1.0  mm,  and  an 
exit  slit  of  1.0  mm  of  the  SPEX  spectrometer.  Actually,  the 
entrance  slit  width  was  essentially  source-limited  since  the 
image  width  at  the  entrance  slit  was  about  0.4  mm. 

3.2.2  Combustion  Tunnel 

The  turbulent  diffusion  flame  was  produced  using  annu¬ 
lar  air  flow  around  an  140-mm-d iameter  (5.5  in)  cylindrical, 
bluff  centerbody  fitted  with  a  25. 4-mm-d iameter  axial  fuel 
tube.  The  centerbody  was  mounted  on  the  axis  of  a  25.4-cm- 
diameter  (10  in)  pipe.  During  the  period  of  about  29  June 
through  28  July  1978,  various  measurements  were  carried  out 
on  the  operating  tunnel.  On  at  least  eight  of  the  days  in 
this  period,  Raman  measurements  were  attempted.  Useful  data 
were  obtained  on  six  of  these  days. 

There  were  two  significant  obstacles  to  obtaining  use¬ 
ful  Raman  data.  These  were  a  very  large  laser- induced 
background  and  an  unsteady  flame.  The  background  is 
discussed  in  detail  in  Section  3.3.  The  unsteady  flame 
resulted  largely  from  an  apparent  lack  of  sufficient 
mixing  of  the  fuel  and  air.  This  characteristic  is  related 
to  the  design  of  the  centerbody  and  fuel  tube.  Although 
design  changes  were  attempted  by  AFAPL  personnel  during  the 
period  of  the  Raman  measurements,  no  significant  change  was 
made  in  the  nature  of  the  flame.  Basically,  the  flame  had  a 
turbulent  appearance,  very  coarse  in  texture,  where  the 
coarseness  was  due  to  fluctuating  regions  of  yellow  or 
orange  color.  At  high  fuel-to-air  ratios  the  flame  became 
quite  orange-yellow  in  color  and  usually  asymmetric  in  shape 
about  the  tunnel  axis.  At  the  leanest  conditions  with  high 
air  flow,  the  flame  would  extend  beyond  the  second  set  of 
windows  (o,70  cm)  and  would  tend  to  be  more  blue  in  color. 

At  lower  air  flows,  the  flame  would  extend  to  the  region 
beween  the  first  and  second  set  of  windows  (o,40  cm).  The 
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coarse  texture  of  the  flame  usually  was  on  a  scale  of  a  few 
millimeters.  This  feature  produced  a  fluctuation  in  the 
observed  signals  that  made  the  2 -mm  and  5-mm  slit  heights 
totally  unusable.  By  using  the  10-mm  and  20-mm  heights, 
these  fluctuations  were  greatly  reduced  by  the  integration 
of  the  spatial  variations  over  the  slit  length. 

Generally,  the  background- to-Raman  ratio,  B/R,  tended 

to  follow  the  overall  fuel-to-air  ratio  for  a  given  position 

in  the  combustor.  Similarly,  the  B/R  was  highest  near  the 

face  of  the  centerbody  and  decreased  as  the  distance  from 

the  face  increased.  Presumably,  the  hot,  incompletely 

burned  fuel  was  the  primary  source  of  the  laser-induced 

background.  Measurements  were  made  on  the  air  alone  and  on 

the  un-ignited  fuel  alone.  These  measurements  showed  no 

evidence  of  the  strong  laser- induced  background  observed  in 

the  flame.  The  combination  of  a  low-sooting  fuel  and  a 

2 

moderate-power  laser  beam  (about  8  MW/cm  at  focus) 
reduced  the  possibility  of  laser- induced  incandescence  of 
soot  particles  as  a  source  of  the  background. 

The  fuel  used  was  primarily  natural  gas  (methane). 
However,  a  few  measurements  were  carried  out  using  propane. 
The  propane  flame  gave  a  more  steady  flame  and  was  less 
orange-yellow  and  more  blue  in  color  than  the  natural-gas 
flame.  Correspondingly,  the  background  level  with  propane 
was  lower  than  with  natural  gas  by  about  a  factor  of  two. 

It  was  not  possible  to  make  detailed  Raman  measurements 
using  the  propane  fuel  due  to  an  insufficient  supply  of  the 
f  uel . 

Four  sets  of  measurements  are  presented  in  Tables  3 
through  10.  Tables  3,  5,  7,  and  9  give  the  combustion  con¬ 
ditions  provided  by  AFAPL,  the  positions  of  the  sample 
volume,  and  the  measured  temperatures.  For  a  given  fuel, 
the  equivalence  ratio,  <J> ,  is  directly  proportional  to  the 
fuel-to-air  ratio.  Tables  4,  6,  7,  and  10  give  the  Raman 


88 


TABLE  S.  COMBUSTION  TUNNEL  TEMPERATURES  WITH  NATURAL-GAS  FUEL  OBTAINED  FROM  COMPUTER- 
FITTED  RAMAN  SCANS. 
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TABLE  5 


COMBUSTION  TUNNEL  TEMPERATURES  WITH  NATURAL-GAS  FUEL 
OBTAINED  FROM  FOUR-WAVELENGTH  RAMAN  MEASUREMENTS  TAKEN 
ON  5  JULY  1978 


•  •  t)  c 

Position  Temperature 


Time 

Fuel 

(lb/hr) 

Air 

( lb/sec ) 

<P  . 

Axial  Radial 
( mm )  ( mm ) 

(  °K ) 

SD 

(%) 

2110 

18.10 

7.232 

0.0120 

35 

0 

1984 

17 

2117 

19.  72 

7.235 

0.0131 

35 

0 

1578 

35 

2121 

21.  75 

7.234 

0.0144 

35 

0 

1811 

30 

2126 

26.42 

7.210 

0.0176 

35 

0 

1934 

51 

2130 

24.32 

7.  223 

0.0162 

35 

0 

1581 

39 

2142 

24.28 

7.243 

0.0161 

105 

0 

1401 

95 

2146 

21.98 

7.264 

0.0145 

105 

0 

1320 

29 

2152 

18.25 

7.256 

0.0121 

105 

0 

1818 

15 

2206 

18.12 

7.237 

0.0120 

175 

0 

1369 

7. 1 

2211 

22.  18 

7.238 

0.0147 

17  5 

0 

1463 

8.6 

2215 

23.77 

7.236 

0. 0158 

175 

0 

1813 

11 

2221 

25.65 

7.  234 

0.0170 

175 

0 

1464 

13 

a  Equiva 

lence  ratio. 

b  Axial 

position 

was  me a 

sured  along  centerline  and 

from  the 

face 

of  the 

centerbody.  Radial  posit 

ion  was 

measured 

up  ( + )  or 

down  ( 

-)  from 

the  centerline. 

Centerbody  diameter  =  140 

mm. 

Radial 

resolution,  AY 

=  10  mm. 

See  Figu 

res  3  and 

5. 

c  The  SD 

values 

are  the 

estimated 

standard 

deviations  calculated 

from  the  data 

using  Poisson  stat 

ist ics . 

See  Table  6  and 

text . 
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TABLE  6.  RAMAN  DATA  FOR  COMBUSTION  TUNNEL  RUNS  OF  5  JULY  1978  GIVEN  IN  TABLE 
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TABLE  7 


COMBUSTION  TUNNEL  TEMPERATURES  WITH  NATURAL-GAS  FUEL 
OBTAINED  FROM  FOUR- WAVE LENGTH  RAMAN  MEASUREMENTS  TAKEN 
ON  6  JULY  1978 


Fuel 

Air 

Time 

( lb/hr) 

(lb/sec ) 

4>a 

1917 

9.86 

4.827 

0.0098 

1921 

10.52 

4.820 

0.0105 

1926 

8.69 

4.780 

0.0087 

1957 

9.23 

4.858 

0.0091 

2000 

8.75 

4.864 

0.0086 

2028 

8.81 

4.858 

0.0087 

2032 

8.79 

4.863 

0.0087 

2038 

10.22 

4.856 

0.0101 

2050 

10.61 

4.929 

0.0103 

2053 

10.59 

4.849 

0.0105 

2101 

15.  50 

4.820 

0.0154 

2103 

15.60 

4.844 

0.0155 

2108 

15.50 

4.821 

0.0154 

2113 

15.33 

4.816 

0.0153 

2149 

9.78 

3.  604 

0. 0130 

2153 

7.03 

3.  599 

0.0094 

2157 

5.76 

3.  603 

0.0077 

Pos  itiori 

Temperature0 

Axial  1 
(mm) 

Rad ial 
(mm) 

( °K ) 

SD 

(%) 

35 

0 

2789 

19 

35 

0 

d 

35 

0 

1843 

29 

35 

0 

3097 

11 

35 

0 

1866 

11 

105 

0 

1254 

12 

105 

0 

1517 

11 

105 

0 

d 

175 

0 

1054 

4.  3 

175 

0 

1016 

5.2 

175 

0 

1424 

16 

175 

0 

1583 

14 

175 

0 

2423 

20 

175 

+  20 

d 

35 

0 

d 

35 

0 

d 

35 

0 

2372 

18 

Equivalence  ratio. 

°  Axial  position  was  measured  along  centerline  and  from  the  face 
of  the  centerbody.  Radial  position  was  measured  up  (+)  or 
down  (-)  from  the  centerline.  Centerbody  diameter  =  140  mm. 
Radial  resolution,  AY  =  10  mm.  See  Figure  3  and  5. 

c  The  SD  values  are  the  estimated  standard  deviations  calculated 
from  the  data  using  Poisson  statistics.  See  Table  8  and  text. 

No  temperature  calculation  possible  due  to  a  weak  Raman  signal. 
See  Table  8. 
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TABLE  8.  RAMAN  DATA  TOR  COMBUSTION  TUNNEL  RUNS  OF  6  JULY  1978  GIVEN  IN  TABLE 
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The  Raman  signal  was  too  weak  and  the  background  too  strong  to  permit  a  meaningful 
calcualation . 
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TABLE  9.  COMBUSTION  TUNNEL  TEMPERATURES  WITH  NATURAL-GAS  FUEL 
OBTAINED  FROM  SIX-WAVELENGTH  RAMAN  MEASUREMENTS  TAKEN 
ON  24  JULY  1978 


.  .  t)  c 

Position  Temperature 


Fuel  Air  Axial  Radial  SD 

W/U~-\  /  1  U.  /  \  /  — —  \  / \  /  n  -tr  \  /  o  \ 


Time 

(lb/hr) 

( lb/sec ) 

.a 

(mm) 

(mm) 

(°K) 

(%) 

2030 

11.32 

1.814 

0.0299 

175 

0 

1340 

4.3 

2030  + 

11.  32 

1.  814 

0.0299 

175 

-20 

1863 

3.  9 

2107 

6.82 

2.  528 

0.0129 

175 

0 

1211 

2.0 

2159 

7.00 

2.523 

0.0133 

175 

0 

1132 

2.  4 

3  Equivalence  ratio. 

D  a  ■  1 

Axial 

position 

was  measured  along 

centerline 

and  from 

the 

face 

of  the  centerbody. 

Radial  position 

was 

measured 

up  (+)  ' 

down  (-)  from  the  centerline.  Centerbody  diameter  =  140  mm. 
Radial  resolution,  AY  =  20  mm.  See  Figure  3  and  5. 


The  SD  values  are  the  estimated  standard  deviations  calcu¬ 
lated  from  the  data  using  Poisson  statistics.  See  Table  10  and 
text . 
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data  for  the  four  sets  of  measurements.  The  signal  and 
background  values  given  in  these  latter  tables  for  the  main 
peak  and  hot  band  were  measured  respectively  at  3657. 4A  and 

O 

3653. 8A.  The  non-laser- ind uced  background  values  resulted 
from  additional  measurements  at  each  wavelength  step  made 
0.6  msec  after  each  laser  pulse.  The  value  given  for  a 
computer-fitted  scan  is  the  average  over  all  the  scan  steps. 

In  an  N-A  measurement,  the  value  given  is  the  average  of  the 
two  values  recorded  at  the  main-peak  and  hot-band  wavelengths. 
These  latter  tables  also  include  the  breakdown  in  the 
contributions  to  the  temperature  error  (SD)  based  on  Poisson 
statistics  as  discussed  in  Section  3.1.3.  Tables  3  and  4 
give  the  data  for  the  computer-fitted  scans  and  Tables  5 
through  10  gi,Te  the  data  for  the  N-A  measurements. 

It  is  useful  to  note  that  because  of  the  accidental 
equality  of  the  laser  pulse  repetition  frequency  ( PRF )  and 
the  approximate  digital  counts  per  photoelectron  at  250, 
the  average  digital  counts-per-laser-pul se  (c/p)  values 
given  for  the  Raman  data  in  this  report  are  approximately 
equal  to  the  average  photoelectron  counts  per  second. 

3. 2. 2.1  Computer-Fitted  Measurements 

Among  the  interesting  features  in  the  computer-fitted 

data  given  in  Tables  3  and  4  is  the  generally  low  values  for 

2 

the  temperature  SD  even  in  cases  where  x  is  very  large. 
Although  some  of  these  small  SD  values  certainly  could  be 
accidental,  it  is  hard  to  see  how  the  majority  of  them  were 
accidentally  low.  As  discussed  in  Section  3.1.1,  the  runs 
through  18  July  include  interferences  from  the  mercury-vapor 
lamps  used  to  light  the  room.  These  interferences  are 
illustrated  in  Figure  9  which  shows  a  chart  recording  of  the 
scan  taken  at  1935  on  6  July.  The  mercury  spectrum  has 
strong  lines  at  3650,  3655,  and  3663  A.  Features  near  these 
wavelengths  are  evident  in  Figure  9  when  this  recording  is 
compared  to  the  1800°K  spectrum  in  Figure  7.  The  presence 


97 


2 

of  this  interfering  spectrum  clearly  made  the  ^  high  and 
it  is  probable  that  the  interference  introduced  a  systematic 
error  in  the  fitted  temperature.  The  extreme  unsteadiness 
of  the  flame  makes  the  estimation  of  the  error  impossible. 
This  is  evident  in  the  350°K  difference  between  this  scan 
and  the  scan  taken  at  2041  on  5  July  which  was  made  under 
similar  conditions.  This  temperature  difference  is  well 
outside  the  136°K  range  defined  by  the  SD  values.  Part  of 
this  difference  could  be  due  to  the  difference  in  value  of 
<J> .  In  any  case,  these  temperatures  are  at  least  within  the 
approximate  upper  limit  of  2250°K  for  an  ideal  methane 
flame  with  a  300°K  inlet  temperature . ^2 

2 

Generally,  the  large  values  for  xr  can  be  traced  to 

the  high  noise  level  which  arose  from  the  high  background 

signals  and  from  the  unsteadiness  of  the  flame.  This  is 

2 

particularly  evident  m  the  high  xr  values  for  runs  at  1944 

and  2120  on  24  July.  On  these  two  runs,  about  50%  more 

steps  were  scanned  than  are  needed  to  determine  the  back- 

2 

ground  curve.  Thus,  the  x  was  pushed  up  by  the  the  large 
number  of  noisy  background  data  points.  Interestingly,  the 
temperature  SD  values  did  not  suffer.  The  runs  at  1902  and 
1944  on  this  date  as  well  as  the  run  at  1939  on  18  July  have 
the  highest  values  of  <p  studied.  As  can  be  seen  in  the 
data  for  these  dates,  measurements  were  made  only  at  the 
175-mm  axial  position.  The  background  level  was  too  high  at 
positions  closer  to  the  centerbody  to  permit  detection  of 
the  Raman  spectrum. 


Most  of  the  runs  were  plagued  by  the  high  ambient  tem¬ 
perature  and  humidity  conditions  characteristic  of  July  in 
Dayton,  Ohio.  The  laser  usually  could  not  be  operated  for 
continuous  periods  when  the  temperature  in  the  test  cell  was 
much  over  27°C  (80°F)  because  of  insufficient  capacity  of 
the  laser  cooling  unit.  Long  scans  like  at  2143  on  26  July 
which  took  almost  30  minutes  were  not  often  possible  due  to 
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the  laser  overheating.  The  problem  was  aggravated  by  the 
warming  of  the  test  cell  due  to  the  operation  of  the  com¬ 
bustion  tunnel.  The  humidity  at  times  completely  prevented 
any  useful  data  being  gathered  due  to  condensation  forming 
on  the  cool  laser  windows.  Although  jets  of  dry  N~  gas  were 
used  to  prevent  this  problem  from  occurring,  they  were  not 

adequate.  This  may  have  been  the  main  contribution  to  the 
2 

high  x„  for  the  run  at  1859  on  30  June  when  the  available 
laser  power  dropped  by  almost  20%  during  the  run.  Although 
the  recorded  signal  is  normalized  against  laser  power,  the 
normalization  did  not  adequately  follow  the  spatial  changes 
in  the  beam  intensity  caused  by  the  fogging  of  the  windows. 

The  initial  Raman  measurements  made  using  the  first- 
order  spectrum  occurred  on  18  July.  The  first-order  gra¬ 
tings  were  installed  in  the  spectrometer  in  order  to  look  at 
the  anti-Stokes  spectrum  and  to  permit  scanning  the  back¬ 
ground  spectra  of  the  flame.  (See  Sections  3.1  and  3.3.) 
These  data  were  computer-fitted  with  the  slit  parameters 
included  in  the  fitting  procedure.  The  run  at  2122  was 
extremely  noisy  and  could  not  be  analyzed.  The  other  two 

runs  on  18  July  also  were  very  noisy  which  was  partially  the 

2 

source  of  the  large  values  obtained  for  X  •  The  other  main 

2  r 

source  of  the  high  Xr  values  resulted  from  the  inclusion  of 

the  slit  parameters  in  the  fit.  Generally,  the  temperature 

2 

SD  as  well  as  the  X  are  increased  when  this  is  done. 

r  13 

However,  it  has  been  found  that  the  temperature  does  not 
usually  differ  significantly  from  the  value  obtained  when 
the  slit  parameters  are  held  fixed  at  their  correct  values. 

The  remaining  first-order  runs  were  fitted  using  slit 
parameters  determined  from  room- temperature  spectra.  tor 
24  July,  SBHW  =  1.591  A  and  STBWR  =  0.028;  and  for  26  July, 
SBHW  =  1.862  A  and  STBWR  =  0.0174.  The  three  slits  were 


each  set  at  0.33  mm  in  all  first-order  runs.  The  slit  func¬ 
tion  for  26  July  was  different  as  the  result  of  a  minor 


realignment  of  the  final  spectrometer  mirror.  The  third- 
order  slit  parameters  were  those  given  in  Equation  (6). 

3. 2. 2. 2  N-A  Measurements 

The  twelve  runs  made  on  5  July  and  summarized  in  Tables 
5  and  6  used  essentially  the  same  relatively  high  air  flow 
rate  but  the  value  of  cf>  and  the  axial  position  were  changed. 
These  data  are  characterized  not  only  by  large  B/R  values  but 
also  by  comparatively  weak  Raman  signals.  This  latter 
feature,  in  particular,  made  the  SD  values  unacceptably 
large.  In  fact,  the  temperatures  show  no  meaningful  corre¬ 
lation  to  (p  or  the  position  of  the  meaurement.  It  is  evi¬ 
dent  that  the  concentration  of  the  N2  probe  molecule  in  the 
sample  volume  was  quite  low  in  these  measurements.  The  data 
in  Tables  5  and  6  illustrate  a  situation  where  the  measure¬ 
ment  parameters,  in  particular  the  number  of  laser  pulses 
(i.e.,  the  time  duration  of  measurement),  were  not  appropriate 
for  the  conditions  being  observed. 

It  is  interesting  to  note  that  the  poorest  SD  occurred 
at  the  highest  <p  value  of  the  1 0  5-mm-pos  it  ion  data.  Not 
only  was  the  laser-induced  SD  almost  twice  as  high  as  any  of 
the  remaining  runs,  but  the  non-laser- induced  SD  was  11%, 
over  twice  any  of  the  other  values.  Clearly,  the  flame 
luminosity  was  quite  high  at  this  position. 

Fourteen  of  the  seventeen  runs  reported  in  Tables  7 
and  8  for  6  July  had  the  same  air  flow  rate  but  at  about 
two-thirds  of  the  value  used  on  5  July.  This  allowed  lower 
values  of  4>  to  be  explored  which  resulted  in  generally  lower 
SD  values,  particularly  at  the  35-mm  and  105-mm  axial  posi¬ 
tions.  However,  at  this  lower  air  flow  rate  there  were 
cases  when  the  Raman  signal  was  quite  weak  thereby  per¬ 
mitting  the  laser- induced  background  to  dominate  the 
observed  spectrum.  This  situation  gave  rise  to  the  five 
runs  in  Tables  7  and  8  wherein  temperature  measurements  were 
not  possible. 


101 


m'i  r  '  1 


In  order  to  characterize  the  reproducibility  of  the  N-A 
method  of  temperature  measurement,  five  runs  were  repeated 
during  the  6  July  studies.  The  clock  times  which  identify 
these  sets  of  measurements  in  Tables  7  and  8  are  (1)  1917 
and  1957,  (2)  1926  and  2000,  (3)  2028  and  2032,  (4)  2050  and 
2053,  and  (5)  2101,  2103,  and  2108.  In  the  first  four  sets 
the  agreement  is  within  the  SD  values.  In  the  last  set,  the 
first  two  values  are  in  good  agreement  but  the  third  member 
is  about  200°K  outside  one  SD  range.  Since  the  SD  values, 

14  to  20%  in  the  fifth  set  of  runs,  were  calculated  assuming 
Poisson  statistics,  they  represent  essentially  the  lowest 
possible  uncertainties  that  can  be  expected  for  these 
measurements.  (See  Section  3.1.3.)  The  unsteadiness  and 
the  coarse  turbulence  of  the  flame  which  contributed  an 
additional  noise  level  to  the  signals  is  the  probable  cause 
of  this  discrepancy.  Nevertheless,  the  overall  reproducibi¬ 
lity  in  these  runs  was  quite  reasonable  considering  the 
nature  of  the  flame  and  the  B/R  values  encountered.  An 
indication  of  the  bias  discussed  in  Section  3.1.2  is  seen  in 
the  first  set  of  measurements  identified  above.  These  two 
values  combine  to  give  a  weighted  mean  of  3012°K  +  9.5%. 

This  value  is  well  in  excess  of  the  estimated  maximum 
theoretical  temperature  of  2250°K  for  this  flame. 12 

Eight  runs  were  made  on  24  July.  Four  were  computer- 
fitted  and  are  reported  in  Tables  3  and  4.  The  other  four 
are  given  in  Tables  9  and  10.  The  objective  was  in  part  to 
make  a  preliminary  comparison  between  the  computer-fit 
method  and  the  N-A  method  of  temperature  measurement.  Only 
one  pair  of  measurements,  at  2120  and  2159,  gave  tempera¬ 
tures  which  agree  within  one  SD  range.  However,  this  could 
be  anticipated  from  the  high  values  of  xr^  in  Table 
3  for  24  July.  As  all  ready  discussed,  this  situation  indi¬ 
cates  that  there  is  some  unknown  feature  or  character  in  the 
data  which  is  not  included  in  the  fitting  procedure. 

Clearly,  this  increases  the  probability  of  systematic  or 
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random  shifts  in  the  measured  temperatures.  Thus,  the  large 
2 

value  of  Xr  can  be  thought  of  as  an  accuracy  indi¬ 
cator.  When  it  is  low,  say  2.0,  the  measurement  is  pro¬ 
bably  accurate,  and  when  it  is  high,  i.e.,  2.0,  the 

measurement  may  have  a  systematic  error  of  unknown  magni¬ 
tude  and  direction.  This  is  another  way  of  characterizing 
the  presence  of  non-Poissonian  noise  in  the  data. 

The  parameters  Tq  and  m  in  Equation  (1)  used  to 
calculate  the  temperatures  and  SD  values  in  Tables  9  and  10 
resulted  from  a  least-squares  fit  to  data  obtained  from  10 
theoretical  spectra  calculated  with  the  appropriate  slit 
parameters.  The  temperature  range  of  these  spectra  was 
about  1100  to  2500°K.  The  parameter  values  were  T^  = 

786. 3°K  +  0.86%  and  m  =  2404. 6°K  +  0.76%. 

3.3  MEASUREMENTS  OF  BACKGROUND  SPECTRA 

3.3.1  Origins  of  Background  Signals 

The  non-Raman  features  in  the  observed  signals  can,  in 
general,  originate  from  three  categories  of  sources.  Those 
sources  which  occur,  in  one  manner  or  another,  as  the  result 
of  the  illumination  of  the  sample  volume  by  the  laser  beam 
are  referred  to  as  laser-excited  sources.  These  sources 
usually  arise  from  fluorescence  or  incandescence  processes. 
Sources  which  exist  in  the  sample  volume  independent  of  the 
laser  beam  can  be  classified  as  intrinsic  emitters. 

Finally,  there  can  be  a  source  located  outside  of  the  sample 
volume  which  in  some  manner  illuminates  the  entrance  slit  of 
the  spectrometer  to  provide  a  totally  spurious  spectrum.  An 
example  of  this  last  type  of  source  is  the  mercury-vapor 
lamp  discussed  in  Section  3. 2. 2.1  which  superimposed  the 
non-Raman  features  shown  in  Figure  9.  Since  this  latter 
source  can  usually  be  completely  eliminated  by  the  experi¬ 
menter,  it  need  not  be  considered  here. 


For  convenience,  the  two  sources  of  interest  are 
referred  to  as  laser- induced  and  non-laser- induced 
backgrounds.  However,  it  is  to  be  noted  that  the  sample 
volume  is  generally  not  the  same  for  these  two  backgrounds. 
The  90°  scattering  geometry  used  in  this  work  and  described 
in  Section  2.2  defines  the  sample  volume  shown  in  Figure  3 
for  the  laser-induced  background.  This  assumes  that  there 
are  no  significant  contributions  from  reflections  or 
spurious  scattering  of  the  laser  beam.  However,  the  sample 
volume  for  the  non-laser- ind uced  background  is  defined  by 
the  intersection  of  the  acceptance  solid  angle  of  the 
collecting  lens  L3  and  the  volume  of  the  emitting  sources. 

In  the  case  of  the  emission  from  the  flame  in  the  combustion 
tunnel,  the  sample  volume  would  extend  across  the  entire 
tunnel.  Furthermore,  any  surfaces  "seen"  by  lens  L3  are 
potential  sources  of  non-laser- induced  backgrounds.  The 
surfaces  of  the  windows  in  the  optical  access  ports  of  the 
tunnel  are  examples  of  this  type  of  source.  Actually  the 
windows  as  well  as  the  flame  may  contribute  additional 
spectral  features  to  the  emission  collected  by  L3  through 
absorption  processes.  For  example,  broad-band  laser- ind uced 
emission  from  the  small  sample  volume  at  the  center  of  the 
tunnel  would  be  a  light  source  for  exciting  the  absorption 
spectra  of  the  molecular  species  that  are  present  in  the 
acceptance  solid  angle  between  the  sample  volume  and  the 
tunnel  window. 

3.3.2  Laser-Induced  Background 

The  spectral  character  and  intensity  of  the  laser- 
induced  background  are  governed  primarily  by:  (1)  the  mole¬ 
cular  constituents  and  their  densities  in  the  sample  volume, 
(2)  the  wavelength  of  the  emission,  (3)  the  wavelength  of 
the  laser,  (4)  the  temporal  character  of  the  laser  excita¬ 
tion,  e.g.,  the  pulse  length,  and  (5)  the  temporal  character 
of  the  observation.  The  choice  of  fuel  and  the  combustion 


conditions  determine  (1).  Assuming  that  Raman  thermometry 
is  to  be  used,  then  the  emission  wavelength  is  fixed  by  the 
choice  of  laser  wavelength.  Clearly,  the  capability  of 
changing  the  laser  wavelength  would  allow  the  possibility  of 
reducing  the  laser-induced  background  by  selecting  the  exci¬ 
tation  wavelength.  There  are  two  basic  types  of  non-Raman, 
laser-induced  sources,  namely  fluorescent  and  incandescent. 
Eckbreth  et  al .  have  examined  in  detail  laser  modulated  par¬ 
ticulate  incandescence  particularly  as  it  concerns  Raman 
14 

thermometry.  In  the  studies  reported  here,  incan¬ 
descence  did  not  appear  to  be  a  contributing  factor.  However, 
it  is  possible  that  Raman  scattering  from  particles  did  make 
some  contributions  to  the  spectra  observed  under  certain 
tunnel  operating  conditions.  This  would  be  another  type  of 
laser-induced  background.  Thus,  if  fluorescence  is  the  pri¬ 
mary  source  of  the  laser-induced  background,  then  the  tem¬ 
poral  characteristics  of  the  excitation  and  observation 
determine,  to  a  large  extent,  the  recorded  background  signal 
level . 

The  laser  pulse  used  in  these  studies  is  shown  in 
Figure  2.  The  detection  apparatus  used  an  RCA  8850  PMT  con¬ 
nected  through  a  fast-pulse  pre-amplifier  (gain  =  10)  to  an 
EGG/ORTEC  model  LG105  gated  current  integrator.  The  output 
of  the  integrator  was  a  3  sec  pulse  whose  amplitude  was 
directly  proportional  to  the  area  under  the  PMT  pulse  that 
occurred  during  the  gate  pulse.  The  amplitude  of  the  3  sec 
pulse  was  digitized  on  an  arbitrary  scale  and  sent  to  the 
computer.  The  gate  pulse  used  in  this  work  was  about  20 
nsec  in  widtn  and  was  triggered  at  the  laser  PRF  of  250  pps . 
The  measured  linearity  of  the  complete  detection  system  was 

within  +  1%  over  a  dynamic  range  of  about  50  to  1.  For  this 

14 

combination  of  laser  and  gate  pulses,  it  can  be  shown 
that  fluorescence  species  with  lifetimes  of  about  120  nsec 
or  greater  will  be  effectively  discriminated  against. 
Background  signals  from  fluorescence  having  a  lifetime  of 


about  40  nsec  will  be  reduced  by  about  a  factor  of  four  with 
the  current  arrangement.  Since  the  time  scale  of  Raman 
scattering  is  in  the  sub-picosecond  domain,  the  fluorescence 
a iscrminiation  capability  is  largely  determined  by  the 
available  apparatus. 

Three  approaches  were  taken  towards  characterizing  the 
1 aser- ind uced  background  observed  in  these  studies.  (1)  The 
background  spectra  detected  through  the  gated-detection 
apparatus  were  recorded.  (2)  Spectra  were  obtained  with  the 
gate  width  reduced  and  with  the  time  delay  increased.  (3)  An 
effort  was  made  to  excite  the  fluorescence  with  a  non-laser 
source.  The  latter  effort  was  attempted  in  order  to  identify 
unambiguously  the  background  as  being  due  to  fluorescence. 

A  75  watt,  compact-arc,  mercury-vapor  lamp  was  set  up  and 
focused  in  the  flame.  Various  combinations  of  filters  were 
tried  which  changed  the  portion  of  the  lamp  spectrum  inci¬ 
dent  on  the  observed  volume.  However,  the  only  spectrum 
observed  was  that  due  to  the  intrinsic  luminosity  of  the 
flame,  namely  the  non-laser- ind uced  spectrum.  No  charge 
other  than  a  slight  increase  in  the  broad,  underlying  band 
could  be  identified  as  being  due  to  the  mercury  lamp. 

The  background  spectrum  of  a  natural-gas  flame  in  the 
combustion  tunnel  induced  by  the  3371-&  laser  is  shown  in 
Figure  10.  The  synchronized  spectrum  was  taken  with  the 
normal  gate  width  and  gate  delay  time  used  to  obtain  Raman 
spectra.  The  gate  delay  was  set  by  maximizing  the  Raman 
signal  obtained  from  room- temperature  N.,.  Thus,  the  gate 
time  is  synchronized  with  the  arrival  of  the  Raman  signal  at 
the  gated  integrator.  The  delayed  spectrum  was  recorded 
with  the  gate  delay  time  increased  one  gate  width,  namely 
about  20  nsec.  A  third  spectrum  was  taken  with  the  gate 
synchronized,  but  with  a  gate  width  of  10  nsec.  This 
spectrum  was  essentially  the  same  as  the  delayed  spectrum 
shown  in  Figure  10  both  in  character  and  in  amplitude. 
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was  synchronous  with  the  Raman  (or  laser)  signal,  and  in  (b)  the 
delayed  20  nsec.  The  spectra  are  uncorrected  for  system  spectral 
sivity  and  count  saturation.  Recorder  time  constant  was  3  sec. 
conditions  are  given  in  Table  11.) 


These  spectra  were  recorded  with  an  amplitude  discriminator 

and  ratemeter  such  that  each  anode  pulse  from  the  PMT  above 

the  dark-noise  pulses  produced  a  single  count.  In  other 

words,  the  maximum  count  per  laser  pulse  was  one.  Since  the 

laser  PRF  was  250  pps ,  then  the  signal  count  rate  recorded 

in  this  was  cannot  exceed  250  counts/sec  (c/s).  This 

characteristic  is  referred  to  as  count  saturation . 16  The 

relationship  between  the  true  count  rate,  N,  ,  and  the 

.  true' 

observed  count  rate,  H  for  a  PRF  of  f  is  given  by 

N  =  f  ln[f/(f  -  H  ,  )]  (7) 

true  '  obs  ' 

Applying  Equation  (7)  to  the  spectra  in  Figure  10  shows  that 

the  true  count  rate  at  the  maximum  in  the  synchronized 

O 

spectrum  (viz.,  at  about  4000  A)  is  about  100  c/s  while  in 
the  delayed  spectrum  count  saturation  accounts  for  only 
about  a  10%  reduction  in  the  observed  count  rate.  Thus,  the 
difference  in  the  shape  of  the  broad  bands  in  the  two 
spectra  can  be  attributed  to  the  effect  of  count  saturation. 

The  tunnel  fuel  and  air  flow  rates  used  to  obtain 
Figure  10  are  given  in  Table  11.  These  conditions  produced 
one  of  the  more  intense  backgrounds.  The  Raman  band  is 
barely  discernible  in  the  synchronized  spectrum.  The  drop 
in  the  amplitude  of  the  delayed  spectrum  relative  to  the 
synchronized  spectrum  indicates  a  fluorescence  lifetime  on 
the  order  of  20  nsec.  This  behavior  would  not  be  expected  if 
the  background  was  due  to  laser- induced  soot  incandescence.^ 
Many  of  the  absorption-like  features  did  not  appear  in  all 
three  spectra  indicating  that  they  are  probably  due  to 
intense  temporal  fluctuations.  These  fluctuations  resulted 
from  the  highly  turbulent  and  unsteady  character  of  the 
flame  for  these  combustion  conditions.  The  ratemeter  time 
constant  of  3  sec  used  in  these  scans  shows  that  these 
fluctuations  were  on  a  rather  slow  time  scale.  Another 
feature  which  occurred  in  all  three  spectra  is  the  emission 

O 

line  at  about  3160  A.  Its  presence  in  the  delayed  spectrum 
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strongly  suggests  that  it  is  due  to  an  anti-Stokes  fluorescence 
process . 


A  final  feature  of  interest  occurs  in  the  synchronized 
spectrum  in  Figure  10.  This  is  the  presence  of  a  background 
signal  on  the  anti-Stokes  side  of  the  laser  line.  Including 
a  factor  of  two  reduction  due  to  the  system  spectral  respon- 
sivity,  the  level  of  this  background  at  the  anti-Stokes  N_ 

O 

wavelength  (3125  A)  is  about  a  factor  of  15  lower  than  the 

O 

value  at  the  Stokes  wavelength  (3658  A).  However, 
the  Raman  intensity  of  this  band  is  also  lower,  for  example, 
by  a  factor  of  7.6  for  1300°K.  Thus,  the  Raman-to- 
background  signal  ratio  would  only  double  if  the  anti-Stokes 
Raman  band  of  were  scanned.  Moreover,  the  recorded 
Raman  signal  would  have  to  be  increased  by  a  factor  between 
5  and  10  to  make  up  for  the  lower  signal  strength.  This 
would  be  accomplished  by  either  increased  laser  power  or  a 
longer  time  of  signal  accumulation  at  each  wavelength  step, 
or  both.  This  analysis  is  consistent  with  the  anti-Stokes 
measurements  referred  to  at  the  beginning  of  Section  3.1. 

The  laser- ind uced  background  spectrum  observed  with 
propane  fuel  is  given  in  Figure  11.  The  lower  amplitude 
compared  to  the  natural  gas  spectrum  is  probably  due  in  part 
to  the  lower  equivalence  ratio,  <J>  ,  used  with  the  propane 
run.  The  large  amplitude  changes  in  the  natural  gas  spectra 
which  were  apparently  of  temporal  origin  appear  to  be  somewhat 
lessened  with  propane.  Furthermore,  there  is  evidently  a 

O 

characteristic  spectrum  above  about  3700  A.  Since  the  Raman 
band  having  the  largest  shift  would  be  due  to  OH  which  would 

O 

occur  no  higher  than  about  3850  A,  then  most  of  the  features 
in  Figure  11  must  be  due  to  fluorescence.  The  intrinsic 
emission  spectrum  of  the  flame  was  significantly  attentuated 
by  gated  detection  process.  The  anti-Stokes  fluorescence  line 

O 

at  about  3160  A  which  appeared  in  the  natural-gas  background 
spectra  was  somewhat  stronger  in  the  propane  spectrum.  This 
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Figure  11.  Laser-Induced  Background  Spectrum  Observed  with 
Propane  Fuel  at  2042  on  27  July  1978.  (The 
spectrum  is  uncorrected  for  system  spectral 
responsivity  and  count  saturation.  Recorder 
time  constant  was  3  sec.  The  run  conditions  are 
given  in  Table  11. ) 


suggests  that  the  molecular  species  responsible  for  this 
line  may  also  be  in  some  way  related  to  the  source  of  the 
characteristic  spectrum  at  longer  wavelengths. 

It  is  of  interest  to  note  in  the  propane  spectrum  that 
.  0 
not  only  is  the  anti-Stokes  background  signal  at  3125  A  only 

about  a  factor  of  3.5  smaller  than  the  signal  at  3658  A,  but 
it  is  at  least  a  factor  of  two  larger  than  the  value  observed 
with  natural  gas.  Thus  for  temperatures  below  about  2G00°K, 
there  would  be  little  or  nothing  gained  in  using  the  anti- 
Stokes  Raman  band  of  N0  instead  of  the  Stokes  band  with 
a  background  spectrum  like  that  given  in  Figure  11.  Further¬ 
more,  the  total  dissimilarity  of  the  background  spectra 
obtained  with  the  two  fuels  suggests  that  the  choice  of  fuel 
as  well  as  the  combustion  conditions  may  determine  the  effec¬ 
tiveness  of  a  given  measurement  scheme. 


3.3.3  Non-Laser-Induced  Background 

The  background  spectrum  from  the  natural-gas  flame 
recorded  with  the  laser  beam  blocked  from  the  sample  volume 
is  shown  in  Figure  12.  By  increasing  the  slit  width  and  PMT 
voltage  the  sensitivity  was  increased  by  about  a  factor  of  20 

O 

over  the  synchronized  spectrum  in  Figure  10.  The  3371-A  line 
in  the  figure  represents  accidental  leakage  of  the  laser  light. 


The  dominant  spectral  features  in  Figure  12  are  the 
well-known  emission  bands  of  hydrocarbon  flames."^  The 
following  is  a  tabulation  of  these  bands. 


Wavelength  (A) 

3063.6 

3143  ) 

3900 
4315  ) 

4737.1  ) 

5129.3  ( 

5165.2  I 

5635.5  1 


_ Species 

OH  Band  head 

CH  Systems 


C 2 — Members  of  the 
Swan  system 
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The  background  spectrum  was  also  measured  with  the  laser  off 
and  without  gating  using  the  discriminator  and  ratemeter 
method  of  recording  the  signal.  The  count  rate  was 
increased  consistent  with  the  increase  of  the  duty  cycle  of 
detection  to  unity.  Although  the  main  features  of  the 
spectrum  were  the  same  as  shown  in  Figure  12,  there  was  one 
noticeable  difference.  In  Figure  12,  there  are  several 
regions  of  what  appears  to  be  periodic  structures  in  the 
broadband  portion  of  the  spectrum.  These  structures  were 
not  detected  in  the  non-gated  spectra.  They  were  apparently 
of  temporal  origin.  Since  the  horizontal  scan  rate  was 
about  100  sec  per  major  division,  the  period  of  these  peaks 
appears  to  range  between  about  8  and  16  seconds.  This 
suggests  that  there  was  a  stroboscopic  effect  associated 
with  the  laser  PRF  and  some  periodic  temporal  feature  in  the 
flame . 

The  intensity  of  the  non-gated  spectra  apparently 
followed  the  visual  appearance  of  the  observed  region  in 
that  it  increased  with  increased  brightness  of  that  region. 
In  addition  to  the  conditions  used  to  record  Figure  12,  the 
spectrum  was  also  recorded  for  the  following  two  conditions: 
fuel  =  10.43  lb/hr,  air  =  3.573  lb/sec,  <p  =  0.0140;  and 
fuel  =  8.17  lb/hr,  air  =  1.828  lb/sec,  <p  =  0.0217.  However, 
these  spectra  also  showed  that  the  ratios  of  the  intensities 
of  the  spectral  features  due  to  the  molecular  species  to  the 
intensity  of  the  broad,  underlying  band  did  not  depend  in  an 
obvious  way  on  the  combustion  conditions. 
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SECTION  4 
CONCLUSIONS 

The  conclusions  are  divided  into  two  parts.  The  first 
part  addresses  the  performance  of  the  LARS  system  while  the 
second  part  is  an  assessment  of  the  measurements  made  with 
the  system  on  the  combustion  tunnel. 

The  design  of  the  LARS  system  as  modified  during  this 
program  provides  considerable  flexibility  for  the  optical 
arrangement  ana  there  is  adequate  surface  area  for  accom¬ 
modating  a  different  laser  or  other  apparatus  needed  in  the 
future.  The  data  acquisition  and  handling  features  of  the 
system  include  the  capability  of  performing  numerous  real¬ 
time  functions  in  addition  to  the  control  activities. 
Essentially  all  of  the  design  objectives  for  the  modified 
system  have  been  met.  The  results  obtained  from  the  right- 
angle  (90°)  scattering  measurements  on  the  capillary  burner 
completely  fullfilled  expectations  and  provided  a  validation 
of  the  design  philosophy.  The  Poisson  errors  in  the  tem¬ 
perature  measurements  made  on  the  air-acetylene  flame  using 
the  4- A  method  were  between  5  and  9%.  The  fact  that  these 
temperature  measurements  were  obtained  with  the  Raman-to- 
total  signal  ratio  around  30%  (for  the  first  hot  band)  in 
less  than  three  minutes  each  shows  that  reasonable  measure¬ 
ments  are  possible  in  practical  combustion  environments 
using  the  LARS  system.  Added  to  this  result  is  the  feature 
of  the  4- A  (N-A  ,  in  general)  method  wherein  the  temperature 
and  uncertainty  can  be  made  available  immediately  upon 
completion  of  the  signal  measurements. 

The  mobility  of  the  system  and  the  general  ease  of 
transporting  and  positioning  the  transceiver  unit  was  con¬ 
firmed  during  the  transfer  of  the  system  to  Room  20, 

Building  18,  of  AFAPL.  The  vibration  of  the  optics  table 
which  is  supported  by  pneumatic  mounts  was  well  below  the 
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level  that  would  be  detectable  in  the  Raman  signals  for  all 
run  conditions  of  the  combustion  tunnel.  Although  prepara¬ 
tions  had  been  made  to  thermally  isolate  the  system  from  the 
tunnel,  it  was  found  completely  unnecssary  due  to  the  rela¬ 
tively  low  exterior  temperature  (about  150°C)  of  the  com¬ 
bustor  pipe. 

Forty-eight  sets  of  Raman  data,  taken  over  a  wide  range 
of  operating  conditions  of  the  combustion  tunnel,  are  ana¬ 
lyzed  and  presented  in  this  report.  Another  20  or  more  sets 
of  data  were  recorded,  examined,  and  subsequently  removed 
from  further  analysis  for  various  reasons.  In  addition, 
about  20  scans  of  the  background  spectra  from  the  flame  of 
the  combustion  tunnel  were  recorded  and  studied.  Of  these 
spectra,  four  appear  in  the  report.  The  overriding  result 
of  this  measurement  effort  is  that  temperature  measurements 
can  be  made  on  the  combustion- tunnel  flame  using  the  LARS 
system  in  spite  of  the  high  fluorescence  backgrounds  and  the 
highly  turbulent  nature  of  the  flame. 

The  high  backgrounds  per  se  were  not  always  the 
limiting  factor  in  these  measurements.  For  example,  tem¬ 
perature  uncertainities  as  low  as  4%  were  obtained  for 
measurements  in  which  the  Raman  part  of  the  total  observed 
signal  at  the  hot-band  wavelength  was  only  about  10%.  This 
was  accomplished  by  using  long  signal  accumulations  times 
(e.g.,  100  sec)  at  each  wavelength  step  and  by  making  addi¬ 
tional  measurements  on  the  background  spectrum  so  as  to 
increase  the  precision  of  the  background  determination. 
However,  if,  when  the  background  level  was  high  and  either 
the  fractional  concentration  of  the  probe  molecule  in 
the  sample  volume  was  much  below  average  or  the  temporal 
fluctuations  (e.g.,  due  to  turbulence)  in  the  background 
were  high,  or  both,  then  a  meaningful  measurement  was  not 
possible.  Basically,  the  relative  concentration  must  be 
high  enough  and  the  fluctuations  small  enough  to  permit  an 
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unambiguous  detection  of  the  first  hot  band.  In  principle 
if  this  band  is  detectable,  then  a  temperature  measurement 
is  possible. 


One  of  the  main  concerns  about  this  circumstance  is  the 
meaning  of  a  time-averaged  temperature  measurement.  The 
difference  between  a  two-minute  and  a  ten-minute  measurement 
is  probably  not  significant  in  this  regard.  A  longer  time 
mainly  puts  more  stringent  demands  on  the  constancy  of  the 
combustion  conditions  and  the  performance  of  the  Raman 
apparatus.  For  example,  the  recurring  obstacles  to  making 
long-time  measurements  experienced  in  these  studies  were 
the  fogging  of  the  laser  windows  due  to  high-humidity  con¬ 
ditions  and  overheating  of  the  laser  due  to  the  high  ambient 
temperature  in  the  environment  of  the  LARS  transceiver. 


A  preliminary  computer  study  has  been  completed  by 
1 8 

Hemmer  and  Yaney  which  characterizes  for  constant  density 
conditions  the  effect  of  a  Gaussian  (i.e.,  symmetric) 
distribution  of  temperatures  existing  in  the  sample  volume 
on  the  apparent  temperature  obtained  by  fitting  a  theoreti¬ 
cal  spectrum  to  the  composite  Raman  spectrum  generated  by 
the  distribution.  In  the  range  of  1000  to  3000°K,  the  error 
in  the  average  temperature  introduced  by  measuring  an 
average  spectrum  instead  of  determining  the  mean  temperature 
from  the  distribution  of  many  instantaneous  measurements  was 
1%  or  less.  This  was  calculated  for  a  standard  deviation  in 
the  temperature  distribution  of  200°K.  With  a  mean  tem¬ 
perature  of  2000°K,  a  400°K  standard  deviation  introduced 
an  error  of  less  than  2%  (downv/ard).  The  study  will  be 
extended  to  include  constant  pressure  conditions  and  asym¬ 
metrical  distributions  at  a  later  date.  nevertheless,  the 
results  strongly  suggest  that  if  the  combustion  environment 
can  be  characterized  by  a  well-defined  temperature  distribu¬ 
tion  function,  then  time-averaged  measurements  using  Raman 
scattering  are  viable. 
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. _ _ ... 


In  the  two  cases  in  which  ttaman  measurements  were  not 
possible,  namely  where  the  fractional  concentration 
was  unusually  low  and  where  the  temporal  fluctuations  were 
excessive,  are  also  circumstances  where  the  question  of  the 
meaning  of  temperature  must  be  raised.  Presuming  that  the 
source  of  the  fluorescence  background  was  due  to 
incompletely-burned  hydrocarbon  species,  then  the  low  number 
density  of  molecules  relative  to  these  species  suggests 

that  the  amount  of  air  available  for  combustion,  and  there¬ 
fore  the  fractional  oxygen  concentration  in  the  sample 
volume  was  specially  low.  This  could  be  due  to  insufficient 
mixing  of  air  with  the  fuel  giving  rise  to  regions  wherein 
the  concentration  of  partially  oxidized  fuel  is  high.  Such 
regions  would  have  relatively  high  chemical  activity  and 
would,  therefore,  be  expected  to  be  highly  fluorescent.  The 
meaning  of  temperature  in  a  small,  highly  localized  volume 
of  such  regions  is  not  clear.  In  a  similar  sense,  when 
turbulence  or  unsteadiness  in  the  flame  extends  over  spatial 
regions  that  are  on  the  order  of  or  larger  than  the  dimen¬ 
sions  of  the  sample  volume,  how  is  the  temperature  defined 
in  the  sample  volume?  The  concern  here  is  how  these 
questions  impact  the  combustor  modeling  activity  with  which 
the  measurement  activities  must  interface.  This  points  to 
the  need  for  a  clarification  of  what  constitutes  meaningful 
temperature  measurements  in  the  various  regions  of  a  wide 
range  of  flame  types.  This  need  exists  independent  of 
whether  the  measurements  are  time  averaged  or  instantaneous 
and  should  be  addressed  before  an  extensive  measurement 
program  is  initiated. 

Finally,  it  was  shown  that  the  N-A  method  of  tem¬ 
perature  measurement  using  the  Stokes  spectrum  is  an  effec¬ 
tive,  rapid  technique.  The  results  presented  in  this  report 
represent  the  first  extensive  application  of  the  technique 
to  a  practical  combustor.  Interestingly,  it  was  found  that 
the  background  level  in  the  It,  anti-Stokes  region  was 
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too  high  to  permit  any  use  of  this  spectrum.  The  utility  of 
the  N-A  method  was  revealed  by  the  6- A  measurements  which 
gave  an  average  temperature  uncertainty  from  10-minute  scans 
comparable  to  the  average  of  the  uncertainties  from  the 
computer-fitted  runs  which  took  an  average  of  15  minutes 
each . 
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SECTION  5 
RECOMMENDATIONS 


The  recommendations  regarding  future  measurements  on 
the  combustion  tunnel  using  Raman  scattering  concern  two 
aspects  of  the  activity.  The  first  is  simply  a  reiteration 
of  the  problem  identified  in  Section  4.  Namely,  that  the 
interrelationships  between  the  character  of  the  flame,  the 
requirements  for  computer-modeling  the  flame,  and  the 
constraints  attendant  to  the  measurements  on  the  flame  be 
addressed  before  a  new  measurement  program  is  started. 

The  second  area  of  recommendations  are  concerned  with 
the  current  LARS  system.  These  recommendations  are  pre¬ 
sented  as  three  groups  which  can  be  implemented  indepen¬ 
dently  or  in  any  combination.  There  are  a  number  of 
variations  or  extensions  within  these  groups,  particularly 
the  last  two,  which  could  also  be  recommended;  however,  the 
purpose  here  is  not  to  provide  an  exhaustive  list  but  rather 
to  identify  the  areas  where  work  is  needed. 

5.1  MODIFICATION  OF  CURRENT  LARS  SYSTEM 

These  recommendations  assume  that  there  will  be  no 
major  changes  in  the  current  design  of  the  system  in  the 
near  future.  The  following  list  identifies  the  tasks  that 
should  be  accomplished  before  a  new  measurement  program  is 
begun.  The  order  of  the  tasks  does  not  indicate  priority. 

•  Investigate  the  system  performance  with  the  tunnel 
using  different  lasers  that  are  available  for 
short-term  loan.  A  tunable  dye  laser  would  be  par¬ 
ticularly  useful  in  characterizing  the  dependence  on 
laser  wavelength. 

•  Reduce  the  sensitivity  of  the  laser  to  environmen¬ 
tal  temperature  and  humidity. 


•  Redesign  the  optics  for  the  laser-power  monitor  to 
insure  precise  normalization  of  observed  signal 
against  changes  in  the  laser-beam  power. 

•  Obtain  the  necessary  dig ital- to-analog  converter 
and  other  instruments  needed  to  provide  a  computer- 
independent  chart  recorder  readout  of  the  observed 
signals . 

•  Obtain  a  programmable  pulse  generator  and  tie  it 
into  the  computer  to  permit  rapid  identification  of 
fluorescence  decay  in  the  background  signals. 

•  Provide  for  remote  control  of  the  axial  position  of 
the  system. 

•  Examine  the  need  for  backscatter ing  (180°)  measure¬ 
ments  in  light  of  the  review  of  the  modeling 
requirements  and  the  flame  character  and  implement 
the  needed  changes,  if  any. 

•  Arrange  to  have  the  four  lenses  and  the  two  com¬ 
bustor  windows  coated  with  appropriate  (probably 
broadband)  antireflection  coatings. 

•  Update  the  software  for  the  HOVA  computer  to  permit 
N-A  measurements  and  provide  for  direct  readout  of 
the  average  temperature  and  the  appropriate  error 
analysis . 

•  Provide  for  the  storage  of  the  data  from  the  run  in 
progress  with  all  modes  of  readout  available. 

•  Update  the  software  to  permit  a  permanent  recording 
of  the  date,  time  of  run,  and  all  other  data  per¬ 
tinent  to  the  combustion  tunnel  and  the  LARS  system 
in  the  data  file. 

•  determine  the  influence  of  the  O  and  S  branches  of 
the  Raman  spectrum  on  N-A  measurements  made  on  the 
Q  branch. 
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•  Study  the  statistics  of  the  measurements  both 
experimentally  and  theoretically. 

•  Record  and  study  the  spectrum  of  the  temporal  fluc¬ 
tuations  in  order  to  minimize  the  interference  from 
oscillations  in  the  flame. 

5.2  MODIFICATIONS  TO  PROVIDE  FOR  "INSTANTANEOUS" 
MEASUREMENTS 

In  this  group  it  is  recommended  that  the  LARS  system 
be  upgraded  to  permit  either  (1)  instantaneous  4- A  measure¬ 
ments  or  (2)  instantaneous  recording  of  the  complete  Raman 
spectrum  of  the  molecule  of  interest.  Measurements  made  in 
1  sec  or  less  are  assumed  to  be  "instantaneous."  In  (1), 
the  current  spectrometer  would  be  converted  to  a  four- 
channel,  PMT-based  polychromator  while  in  (2),  an  optical 
multichannel  analyzer  would  replace  the  PMT.  Both  would 
require  extensive  software  development.  Both  could  be  used 
with  the  current  laser  but  with  the  sacrifice  of  the  instan¬ 
taneous  measurement  capability.  By  replacing  the  current 
nitrogen  laser  with  a  laser  having  at  least  a  factor  of 

3 

10  more  pulse  energy  should  permit  instantaneous 

measurements  in  the  presence  of  weak  or  moderate  backgrounds. 

Of  course,  laser- induced  soot  incandescence  could  be  a  fac- 

1 4 

tor  with  such  a  laser. 

5.3  MODIFICATION  TO  IMPROVE  BACKGROUND  DISCRIMINATION 
CAPABILITY 

There  are  two  parameters  under  the  control  of  the 
experiments  which  can  be  changed  in  order  to  reduce  the 
laser-induced  background  from  a  given  flame,  namely  the 
width  of  the  detection  gate  and  the  laser  wavelength.  The 
laser  pulse  width  can  be  reduced  so  that  a  narrower  detec¬ 
tion  gate  pulse  can  be  used.  This  would  increase  the 
discrimination  against  the  fluorescence  signals  in  the 
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background.  For  example,  a  2  nsec  gate  pulse  with  a  1  nsec 
laser  pulse  would  reduce  the  background  contribution  from  a 
20-nsec-l ifetime  fluorescence  process  by  about  a  factor  of 
10  over  the  currently  used  10-nsec  laser  and  20-nsec 
gate.  ^  The  strength  of  the  fluorescence  also  depends 
on  the  wavelength  of  the  excitation.  Often  fluorescence 
is  most  intense  with  ultraviolet  or  near-ultraviolet  exci¬ 
tation  and  weakens  with  increasing  wavelength.  However, 
increasing  the  wavelength,  A  ,  of  the  laser  reduces  the  Raman 

4 

scattering  efficiency  by  A  and  reduces  the  quantum 
efficiency  of  the  photodetector.  Thus,  for  this  kind  of 
fluorescence  spectrum,  there  is  a  laser  wavelength  which 
optimizes  the  Raman- to-background  signal  ratio.  The  capabi¬ 
lity  of  achieving  this  optimization  can  be  provided  by  a 
tunable  dye  laser.  Hence,  in  this  option  it  is  recommended 
that  the  electronic  uetection  apparatus  be  upgraded  to  per¬ 
mit  gate  pulses  around  2  nsec  to  be  used  with  a  tunable  dye 
laser  having  a  pulse  width  of  about  1  nsec.  The  required 
equipment  is  within  the  present  state-of-the-art  of  the 
electronic  and  laser  technologies. 
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C 

6  ACKGACLNC  SLOPE 

-.13295442 

.  059  i 

21  721 

6  6 AC  <Gr  0  UNC 

CURVATURE 

o.3u5: 

naja 

;.  oc: 

j  L  -  3  J  J 

7 

B 1CKGACUNC  FCOUS 

3  6  56.63 

c ; .  j 

tiJtAir.* 

•  M  »M  V  t 

5  MORE  EXPESIMENTmL 

variables 

NUMBER 

NAME 

VALLE 

STD  D 

EV  ! 

8  OVERALL  SCALE  PACT  OR 

298 .41322248 

j  •  ll  C  '■  * 

J  4  «  U  K  A 

9  SPURRICLS  EMISSION  SHIFT 

4.17360010 

10  SP.  EMM.  PEAK 

height  ratio 

.02-3 

13  .. 

.  U  12 

a. , 

11  SLIT  BOTTOM 

half-hidt  y. 

1.362: 

.  ■* 

.  .  ■  . 

L  4  I  -  V 

12  SLIT  TCF/EOTTCM 

MICTH  rat 

10 

•  017400  JO 

u  •  SC  U  .} 

-0.  33. 

6  NITROGEN  VARIABLES 

NUMBER 

NAME 

VALUE 

OTO  2 

EV  1 

13  CROSS  SECTION  PAT'O 

.1736 

1  A 

ME 

2359.61.': 

.  JO 

,.  Cc.'  . 

.1.3)3 

15 

MEXE 

6.  CD  1 

. ; .  a )  o 

16 

BE 

2.010(2  30*. 

c.  70  . 

8  U  W  3  *  J 

17 

aE 

..'187 

34  U  . 

18  RELATIVE  INTENSITY  FOR  N2 

.  c  ■  .  I 

MAVELENGTH 

EXPER. 

CALC.  ERRORS 

BkGR.  EXFER. 

C  A  L  G  * 

(ANGSTROMS) 

(  COUNTS  PER 

PULSE  ) 

(  NORMALIZED 

i 

3645.29 

112. « 3 

112. 73 

1.3a 

112.  5'< 

.  7967 

•  6  «  1 6 

.3.21 

3645.59 

us.;: 

112.6  6 

1.29 

112.44 

.e,  72 

.6"1H 

.7,37 

3645.89 

112.78 

.,2.61 

1.39 

112. 39 

.8  316 

.  7593 

36A6. 19 

10  6  •  C  4 

112.  56 

1.35 

112. 33 

•  7  664 

.  60  66 

.  7  9  39 

3646. A9 

109.5  1 

112. 52 

1.3  6 

112. 27 

.  T7C  J 

•  6  w  C  3 

.  7  38  5 

36A6. 79 

158. 59 

112.47 

1.35 

112.22 

.  7  723 

.  32*. 

.  75  31 

3647.19 

112. 15 

112.43 

1.S3 

112.16 

.7976 

.  7567 

.7  =  77 

3647.39 

119.59 

112.41 

1.  95 

112. 19 

.  3  53  4 

.  7965 

,  7373 

3647. 6? 

108. C7 

112.41 

1.35 

112.05 

.7686 

.  7555 

.  7969 

36**7.  99 

llfl. 52 

112. 35 

1.57 

111.99 

.  7c6i 

.  7953 

.  7  36  5 

3648.29 

111.53 

112.39 

1.88 

111.93 

.7  -.32 

.  7 

.7361 

3648,5? 

113. 55 

112.41 

1.9  ' 

111.87 

.  8 1*.  5 

.  7S95 

.  7  357 

3648 . 8 3 

113.86 

112.  43 

1.  39 

111. 82 

,  7936 

.7,53 

3649 . 19 

116.24 

112. 43 

1.51 

111. 76 

.3267 

.7=57 

.  79  39 

3649. 49 

137. 1l 

112.43 

1.84 

111.  T 

.7617 

.  7  <<s 7 

.7  =  45 

3649.75 

113.22 

112.45 

1.29 

111.65 

.  3  j  5  2 

.7958 

.  7  341 

3650. 09 

111.68 

112.46 

1.8  8 

111.59 

.  7  357 

•  7  = 'so 

.  75  37 

3550  .  39 

117. 82 

112.46 

1.93 

111.53 

.  »  3c 

.79*4 

.  7  3  33 

365C ,66 

116.95 

112.53 

1.32 

111. 48 

•  6  5 1  o 

.6  i.  3 

.  79  29 

3650.99 

111.97 

112.66 

1.28 

111.42 

.  ?  ;  t  4 

.6.13 

.7:25 

3651.29 

114. 8t 

112.  36 

1.91 

111 . 36 

.3:7: 

.  83  24 

.7321 

3651.59 

114, 33 

1:3.19 

1.  3’ 

111.31 

.6 122 

•  J  5  1 

.  7  =  17 

3651. 39 

115.63 

113.62 

1.31 

111.25 

.  322  4 

•  6  ;•  1 1 

.  7  313 

3652.13 

1 24*  d  7 

114.1£ 

1.98 

111.19 

.  8  8  *1 

•  OIca 

.7  3.5 

3652.49 

114.6 

114.82 

1.3" 

111  .1*4 

.  Jit  5 

.2  166 

.  7  3 ,1  5 

3653. 75 

ll4.lt 

116.38 

1.  3  J 

in.:  ’ 

.3121 

•  6<-Gt> 

.73.1 

3653. 39 

116. 51 

115.83 

1.9  2 

111.  ’2 

.  320  7 

.623, 

.7,57 

3653. 3? 

116.33 

116.14 

1.  32 

11C .97 

.  8274 

.6  26 

.  7853 

3653. 69 

112.68 

i  1 6  •  3 

1  .  .'9 

113.»1 

.?  13 

,6275 

.  76  5  6 

3653.93 

113. c5 

116.41 

i.9: 

i  i  j  •  e  5 

.8.7-, 

.6  27  , 

.7.-34 

3654.23 

116.09 

116.36 

1.92 

113.32 

.8257 

.  c  2  7  6 

•  7  633 

3654.53 

119.35 

116.  55 

1.94 

11". 74 

.  348S 

•  o  29 

.7376 

3654. 89 

113.66 

117.17 

1.39 

112.68 

.8.66 

.633*4 

.  7o72 

3655.19 

119.21 

112.28 

1.94 

11J.63 

.3478 

.8  421 

.  7  566 

3655. 49 

114.55 

120.29 

1.9. 

11J. 57 

.314o 

•  o556 

.  7364 

3655.73 

126. 72 

123.17 

2.r;- 

111. 51 

.9.13 

.  e  76 

.  736  J 

3656.19 

129.51 

127.31 

2.  ’  2 

111.46 

.9212 

•  9055 

.  78  56 

3656.39 

133.71 

132.16 

2.:.  3 

11. . 40 

.9296 

»94o: 

.7252  . 

3656.63 

133.1)4 

136.22 

2. '5 

110.34 

.9463 

.  96o9 

.  7843 

3656.99 

114.14 

139.15 

2.13 

11 J • 29 

1.0252 

.9897 

■  7  c  44 

3657.29 

111.47 

14'.  .60 

2.11 

110. 23 

1.3262 

l.CLv  * 

.784  ) 

3657. 59 

Hll.  12 

1 40 . C  4 

2.1 

110.17 

.9967 

.366 

_  .7336 

3657. 89 

135.03 

136. 82 

2 . :  6 

112.12 

.9  61  4 

■  9  )3i 

.7332 

3658.19 

. 130.43 

122.95 

2.2  3 

113.06 

.9276 

.9314 

_»732b 

3658. 49 

130.6L 

125.  2C 

2.33 

113. CO 

.9269 

.  b9C  4 

.7824 

3658.79 

119.12 

121. Cl 

1.94 

1C9.95 

.8453 

.8535 

.  7823 

3659.19 

11  4. 20, 

115.60 

1.93 

10 9.89 

.613) 

.6222 

.7316 

3659.39 

112. 37 

112.20 

1.36 

109,83 

.7963 

.  7562 

_•  78 12 

3659.63 

138.52 

113.17 

1.  35 

133.76 

.7719 

.  7336 

.  7o18 

3659.99 

116.72 

119.76  . 

1.34 

1C9. 72 

.7591 

*  7  34  3 

.73^4 

3663.29 

117. 43 

1) 9. 73 

1.34 

139.66 

.7641 

.7  31*5 

.78  U 

3663.59 

110.36 

.109.69 

1.37 

109.61 

.7  550 

.  760  2 

•  7756 

3668.89 

114. 26 

109.64 

1.33 

109. 55 

.8126 

.779o 

.  7792 

3661.19 

lC6.8w 

10  9.59  _  . 

1.34 

1C9.49 

.  7596 

_ ,7755 

_ .  7788 _ 

3661.49 

na.su 

V  9.55 

1.  37 

l."9. 44 

.  7  355 

.  7751 

.  7784 

TOTAL  AREA  LNCEf.  CALCULATED  SFECThA  *  .  525 3612 2£«*0  2 

TOTAL  AREA  UNDER  EXPERIMENTAL  SPECTRA  =  .  5  38 C It, LIE *C 2 

FINAL  VALLE.  OF  CHISC  =  -_..29N97e65E  +  01 
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PICT  FCR  3  ARRAYS  hi  7  H  55  POINTS  5-CF. 

CUAL  HAVELENG7H  INCREMENTS?  Y 
X -INCRE PENT  IS  l  .  3tn'.  ;j  WITH  1.5  '.  i  CC  1 


ER  5C«LE  INCRtMEN’ 


Y-RANG5  ISl 
AND 

IS  £ . JC 00 


3  645.29” ♦ 
♦ 


42..  3  !'.  hITH  7.  per  SCALE  civisi  cn 

£3  DIVISIONS  A I  .7')0'.SG  PER  DIVISION _ 

11 3. CO  3  12C.C3G0  127.2GDC  134.  .U3  141. C- 


♦  E 


3646.79* ♦ 


_ E. 

♦ 


#C« 

BCE 

*£♦ 

*  ♦ 
•  ♦ 
•  ♦ 

X  ♦ 

* 

*  ♦ 

•  4 


3649.79-4 


3652.79-4 


3654.29-4 


3655.79 


3657.29 


!-♦ 

♦ 

_  _ 

«c  ♦ 

EC  E 

HC  E  ... 

♦ 

EC 

_ ec  ♦_ 

!-♦ 

6CE4 

♦ 

«C  ♦ 

♦ 

EC 

♦ 

EC 

♦ 

«C  444 

!-♦ 

e  c  e 

4 

e  c  e 

.  ♦ 

_  a  c 

♦ 

s  c 

♦ 

3  3 

1-  ♦ 

5  EC 

♦ 

2 

♦ 

B 

♦ 

B  E 

♦ 

S  E 

!-  ♦ 

g 

♦ 

a 

♦ 

9  E 

♦ 

3 

♦ 

6  E 

•  •  ♦ 

C 

♦ 

c 

♦ 

i 

♦ 

E 

♦ 

c 

J- ♦ 

c 

♦ 

£ 

♦ 

E 

♦ 

c 

4 

3 

)-  4 

0 

♦ 

5  E  i 

♦ 

8  Z 

♦ 

ESC 

e 

• 

!-  ♦  E 

• 

Ci 72672 .7  214  3.  18  „C  V.AJ9£.R,I.  . 

parameter  va«.u£ 

TEMPERATURE  1194.5246 

WAVELENGTH  CORRECTION  3.211C 

BACKGROUND  INTERCEPT  US. 2677 

E 

-BACKGROUND  SLOPE  _ *«1M. _ 

NC.  OF  FOLSES  =  6003 
RECLCEO  CHISC  =  2,94976652 


146.  J  3  j 

14444444 


LID  CEV 
7  ..  2722 
.3521 
•  5  142 


=  96 


_ CALCULATED  AREA  = 

EXPERIMENT  AL  AREA  = 


.525  3612224  '.2 
. 53o. 1' 4l£4i2 


CE 

CE 

C 

c 

EC 

C 


E 

CE 


C  E 
J 


EC 

E 


EC 
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♦  •  6 

4  •  E 

E  * 

♦  •£ 

44444444444444444444444444444444444444444444444444444444444444444 
•  •••ft* 

iC6.''C',o  u’.iJ.s  12:.::":  127.  "a'C  i4i.;.  *.  1  *«a .  ;  : 

PLOT  FOR  3  ARRAYS  Hi  1 H  55  POINT C  EACH. 


ECIIAL  WAVELENGTH  INlTEREnTS?  Y 

X-INCREWENT  151  ,3SO:tO  WITH  l.SC.'*!  PET  SCtiLt  INCREMENT 


Y-RANGE  ISI 
AND 

2.121: 


36L5.29-4 


*646.79-*  E 
♦ 

♦ 

♦  E 

♦  _  . 

364*. 29-+ 

4 

4 

4 

♦  E 

3649.79-4 


3651.2°-* 


3t52.7°-» 


365<,.2Q-4 


.1800  WITH  .030!  PEF  SCALE  ClVlSICN 

63  CIViSICNS  AT  .’^3^6.°  PER  CIVISICN 

2.u503  2. -SCO  2. 111C  _ 2.14IE  i.17.. 


2. 


ZZr.< 

| 


E*  * 

*E4 

EJ  ♦ 

EC  ♦ 

EC  ♦ 

EC  * 

«C  ♦ 

EC 

EC  4 
_ ±_ 

E*  ♦ 
ECE* 
ECE  ♦ 

EC 
EC 
ECE 
EEC 
3  0 

e  c 

EEC 

BCE 
S  CE 
BCE 
9  C 
8  S 
S  EC 


00  7  2676  .T  214  3. 18'_CV.A;95.RCC  : 


PARA  PETER 
TEMPERATURE 
WAVELENGTH  CORRECTION 

BACKGROUND  INTERCEPT  _ 

BACKGROUND  SLOPE 
E 

SC.  OF  PULSES  = 

_ SEOLCED  CHISO  = 

CAtCLLATEC  m'EA  = 
_ _  EXPERIHENIAL  AREA  « 


VALUE  ST 0  OEV 
1194.5246  7.. 2722 


3.211. 
U0.2a.77_ 
-. 1853 


.3521 
.5.42 
•  C  558 


3.CV 

2  .9  w  5  7  6  6  5  2 _ 

. 52536122E4  |2 

_  . 536- 10  A1E+02 


B 

8 

B  E 


CE 

S 

c 


CE 


3655.79-4 


C  E 


E  C 


3657.29-4 


Oi 

le 


3658.79-* 


£  C 


EC 
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